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PREFACE

The importance of friction and Jubrication in deformation processes such

as rolling, wire drawing, extrusion, forging, and sheet metalworking has

long been recognized by those practicing these processes. Although sub-

stantial advances have been made largely on an empirical basis, the need for 4.
a more systematic approach has become evident in the last two decades, 4

Progress in this direction has, however, been rather slow, mainly because

the subject does not fit conveniently into any of the established, classical

scientific disciplines. Metal deformation processing itself is the domain of

specialists working on the borders of metallurgy and mechanical engineering;

metalworking lubrication necessitates a further involvement in fields tradi-

tionally cultivated by chemists and physicists.

In 1962, an ad hoc committee of the Materials Advisory Boarl of bi4e

National Academy of Science was organized for providing guidance to the

Metalworking Processes and Equipment Program (a coordinated effort of the
A-my, Navy, Air Force, and NASA). This Committee identified the lack of

communication between specialists in lubrication and specialists in metalwork-

ing as one of the prime factors limiting metalworking lubrication technology.

The absence of a systematic text dealing with various aspects of Lhis inter-

disciplinary subject presented a serious difficulty in establishing wider corn-

munication; consequently, the Air Force Materials Laboratory of the Air

Force Systems Command, Wright-Patterson Air Force Base, Ohio, sponsored

-through its Contract AF33(615) - 5342 with HT Researc!h Institute-work on

a monograph of metalworking lubrication, with particular emphasis on aero-

space materials.

The interdisciplinary nature of the subject is reflected in the composition

of the group engaged in this project. Chapters 3 and 4 were written by
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Dr. C. H. Riesz, Senior Chemist, UTRI; Chapters 8 and 9 by Professor

S. Kalpakjian, Associate Professor of Mechanical Engineering at Illinois

Institute of Technology; and Chapters 7, 10, and 11 by Dr. J. A. Newnham,

Assistant Manager of Metalworking, IITRI (now with SPS International,

Shannon, Ireland). The task of coordinating the project, editing the text,

and writing Chapter. 1, 2, 5, and 6 fell to me, at that time Metallurgical

Advisor at IITRI (now Professor of Metallurgical Engineering at the Univer-

sity of Illinois at Chicago Circle). In the course af writing It became evident

that a monograph dealing almost exclusively with aerospace materials would

be of rather limited utill•y and, consequently, our team undertook to expa.nd

the effort and-present a comprehensive trcatment of the entire field, including

friction and Lubrication in the deformation processing of the more common

materials.

The subject of metalworking lubrication is, all too frequently, a contro-

versial one, Pnd in writing this text some occasionally arbit-ary decisions

had to be taken. I have endeavcred to assure a unity of outlook and a conti-

nuity of presentation, and I am grateful to my colleagues in this vertubre for

their willing cooperation.

Materl2I was collected from the open literaturo, it eluding Government

reports. Periodicals have been systematically set rched up to and including

the year 1967; the most important publications of 1968 have also been reviewed

whenever possible. The secrecy surrounding industrial lubrication practices

resulted in a rather d.sappointingly meager return of questionnaires seat to

companies ongaged in metalworking and in the manufacture of bibricants.

We are all the more indebted to those few who provided meaningful informa-

tion.

Special mention must he made here of the contribution of two colleagues.

Dr. G. W. Rowe of the University of Birmingham, England, critically read

the entire draft and offered countless helpful suggestions for improvement

and additions, most of which were incorporated in the final manuscript. Miss

Violet Johnson of 1ITRI read and corrected, with infinite patience, the entire

manuscript.

I would like to express here our ta.nks to Mr. Vincent DePierre of the

Pz'oces!;ing and Nondestrtctive Testing Branch, Metals and Ceramics

Division, Air Force Materials LabKratiry, who dirt zted the project and

offered utimulathtIg discussion and helpful crfiicism; to Mr. T. D. Cooper,
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Head of the aforementioned Branch, and to Dr. N. M. Parikh, Director of

Metals Research Dhision, IITRI, for their interest, encouragement, and

suppo-t. We are also indebted to Mr. R. P. Daykin of Ladish Company,
Cudalhy, Wisconsin, for helpful suggestions on Chaptler 9. Our acknowledg-

ments would nct be complete without expressing gratitude to our wives for

their understanding and patience. My wife helped me greatly in attending to

the many tasks connected with bringirg this book into print.

The original project objective called for the production of an authoritative

monograph, to serve both as a textbook and a reference. The reader wili

have to decide how far short of this objective the final product fell. I hope

that a future updating will algo p,,rmit iwmprovements and rectification of

omissions; suggestions in these directions will be most gratefully received.

John A. Schey

Chicr go, Illinois

1969



NOTATION-RECURRENT SYMBOLS

A area (cross-sectional)

Ar real area of contact

A a apparent area of contact

b width

B back tension (force)

C constant; specific heat

%A diameter (of wire, extruded bar, deep drawing punch)

D diameter (of extrusion bilLet, sheet blank)

E Young'i modulus

f friction angle (tan f=)

F frictional (lateral, tangeni,.al) force

G shear modulus

height, thickness

J mechanical equivalent of heat

K constant

I length, distance

L length of contact between die and workptiece

m multiplying fartor for interface shear strength (ri m r

N speed (rpm)

p normal stress, Interface pressure

p average Interface pressure

PM yield pressure (indentztion hardness)

viiE



NOTATION ix

P applied load, normal force

r reduction (in height or in area)

R Radius

RE extrusion ratio

S die separating force

S Sf forward slip

t temperature "C; strip tension In rolling

T absolute temperature °K; torque

v velocity (ips, fps, or fpm)

V volume

W work, work of adhesion

Z viscosity

a entry angle in rolling; die half-angle; multiplying factor

half-angle of draw mandrel or plug; multiplying factor

y surface energy

natural (logarithmic) strain

'7 absolute viscosity (poises; centipoises cp)

0 angle; angle of contact in wetting $
4 position of neutral plane in rolling as a fraction of L

coefficient of friction

v Poisson's ratio; kinematic viscosity (stokes; centistokes, es)

p dersity

o normal stress

a yield strength in uniaxial tension or compression

average unlaxial yield strength during deformation A

shear stress



x NOTATION

r yield strength in shear

r, interface yield strength

rm average shear strength of welded asperities

Sredundant work factor in wire drawing

00o neutral angle in rolling

I1

• • m. .• . • • • . .. . m • • • •I
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Chapter 1

BACKGROUND AND SYSTEM OF APPROACH

John A. Schey

1.1 Historical Background ....................... I
1.11 Forging ........ ...... 2

1.12 Wire Drawing . . . . . . . . .. . . . . ....... 3
S1.13 Rolling . .. .. .. .. .. .. .. . .. . . .. .. . .. 5

1.14 Extrusion and Other Processes .s............. 6

1.15 Theory . . . . . . . . . . .7...... . . . . . . . 7
1.16 Summary . . . . . . .............. . . . 8

1.2 System of Discussion. . . . . . . . ....... . . . 8

References ......... ................................ 11

1.1 HISTORICAL BACKGROUND

Metalworking is probably the earliest technological occupation known to

mankind; native metals must have been forged and shaped more than 7000

years ago. Considering the importance of lubricants in deformation proces-

ses, it is rather amazing that no account of their use can be found until

relatively recent times.

There are, perhaps, three main reasons for this anomaly: first, the

composition, manufacture, and use of lubricants were-and to some extent,

still are-closely guarded secrets of the whole operation. Second, nature

very kindly provided some of the best lubricants known even today, so that

the artisan engaged in metalworking did not have to rely on the skills and

knowledge of other crafts, arts, or sciences; he was not compelled to reveal

his practices, and the nonexpert observers reporting on metalworking pro-

cesses failed to grasp the significance of the little they may have been

allowed to see. Third, lubricants mtst have assumed a vital role only at a

relatively late stage of development. as the following brief review will show.
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1.11 F

There is little doubt that forging was the first and, for a long time, the

only bulk deformation technique. Native gold, silver, and copper were ham-

mered into thin sheets and then shaped into Jewelry and household utensils as

early as 5000 B. C. [i]. These metals, and later copper reduced from ores,

were readily cold workeJ without a lubricant. Some unintentional lubrication

may Lave occurred-for instance, when sheet was driven into asphalt for

shaping or placed between animal skins for thinning down to metal (gold)

leaf. Copper was annealed around 4200 B. C. [2], and hot forging must have

soon followed. Copper oxide is a good parting agent, as is the oxide of iron,

which was worked with great skill by the Hittites in the 13th century B, C.

Iron became the dominant material for weapons, tools, and agricultural

implements from 800 B. C. on, replacing the cast bronze that dominated

earlier centuries [3]. This marks the ascendancy of the blacksmith, with his

Greek god Hephaistos [4]. The cold forming of metals, neverthless, con-

tinued uninterrupted. Cast bronze forms were used for drawing decorative

parts from sheet, and the first known coin was driven into such a form with

several punch strokes in the 7th century B. C. Again, no reference to lubri-

cants is known and it is probable that natural contaminants, even if only irom

greasy fingers, provided all that was needed.

One must not forget, though, that seed oils, animal oils, tallow, and

waxes were available in early antiquity [5]; Egyptians used them for the

lubrication of skids on which their colossal statues were moved. In the 5th

century B. C. Herodotus already wrote about the extraction of bitumen and

light oil from petroleum, and Pliny the Elder (about A. D. 60) described the

manufacture of soap [6]. Soap was actually identified as the axle lubricant

of an Egyptian chariot dated about 1400 B. C. [51. Thas, at whatever point of

development the first lubricant may have been used, a variety of eminently

suitable substances certainly must have been available.

Forging continued to be the dominant metalworking process for many

centuries. Coin pressing achieved high standards under the Romrns who

shaped the blank from both sides with a h.9nd punch of suitable profie into a

counterforming die (3]. The first forgings made in closed dies were found

in the northern Germanic areas, where local iron ores yielded higher carbon

iron and, therefore, better weapons. Chain mail was probably first made

there and, while the starting material would ideally be drawn wire, it is now
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generally conceded that this wire was actually forged in swaging d!es. Cast

bronze anvils survived from the bronze age with indentations that served

probably for the for"ing of needles, and the gold- and silversmiths had nt

problem in shaping their precious metal into decorative wire. The drawing

of wire through dies is a later art, and it is the one that almost certainly led

to thc first conscious use of metalworking lubricants.

Forging is, nevertheless, the only hot working process that can claim a

long history of lubrication. Steel rifle parts were forged in die impressions
for interchangeability as early as the 18th century [3]; lubrication practices

were probably not too different from those found even today, with sawdust, a

thin smear of a heavy oil (cylinder oil), or oil mixed with graphite serving

as a lubricant.

1. 12 Wire Drawing

The argument on the earliest date of wire drawing is still not settled.

There is no doubt that it was practiced in the 11th century, since Theophilus,

writing in the 11th [7] or early 12th [8] century treats wire drawing as an

established art. He refers to steel dies used for drawing a tin-lead alloy,

and to oak dies for smoothing hammered gold and silver wire. Iron and steel

piates bearing a number of holes, connected with a surface channel, have

been identified by many researchers as drawing dies, on the assumption that

the surface channel served for retaining the lubricant [9]. The earliest such

finds date back to the first century A. D. and, if the interpretation of the

channels is correct, these would provide circumstantial evidence of the use

of metalworking lubricants for two millenia.

Guilds of wire drawers were registered and regulated as early as the

13th century [10], and water power was introduced in the 14th [11]. Yet, the
first written reference to wire drawing lubricatlon is of Lnuch later date.

Biringuccio [12], writing of drawing gold and silver wire, admonishes to
"remember that while you are working it you must always keep it greased

with now wax, for besides easing its passage through the holes, this also

keeps its color yellow and beautiful." Rather casual references to oil-soaked

rags, applied to the iron wire before it entered the draw die, were made by

early 18th centu,., observers [7]. It is likely that the lubricant was a locally

available product, probably lard oil in the north, vegetable oils in the south

of Europe [5]. Records show that olive oil was imported into Altena, the
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center of the German steel wire drawing industry, far in excess of any con-

ceivable household needs, and it is reasonable to assume that this was used

for drawing the highest grade iron aud, later, steel wires (I0o.
It was In Aitena that the first eurfae treatment was discovered. For

many centuries the wire was prepared for drawing by hand scouring it wf •h

bricks or sand, and it was only in the 17th century that bundles were mech-

anically threshed with a waterwheel, with frequent dashes of water and

sand [1o). With the usual grease or oil lubrication, it was possible to draw.

the clean rod, but only if made of the softest, best quality Osmund iron.

Steel, while known to be superior fo- many applications including needles,

fish hooks and the like, could not be draun presumably because high friction

caused the wire to breah. It remained for one Johann Gerdes to discover the

value of a surface treatment around 1650, the story being recorded by a

wandering minstrel only a few yeaL s later. As related by Lewis [10], alter

an unsuccessful effort Gerdes threw the steel rods out of the window, into

the area where "men came to cast their water." After a while, he retrieved

the rods and-without bothering to remove the soft, ov•wn film that formed

on them-found that they now drew with great ease. This orginal sull-coating

technique was used for almost 150 years. Then dilute sour beer was found

just as effective, and in Lnother 50 years it was re.ognized that plain water

would serve equally well, although the original technicae has survived in

some places until tiis century.

Prior to tVe introduction of sulfuric and hydrochloric acids, light scale

was removed or softentid or the wire surface by lengt4-v immersion in weak

solutions of tartaric acid, brewers yeast, or similar organic liquids. Acid

clean!ng wat first used I,,- iron sheet in the early 19th century. Pickling,

lime coating, and baking wer'e developed for steel wire in the middle of the

19th century when large quandties of signal wire were damanded by the ex-

panding railroad aetworks.

Wet drawing practices employing oils, emulsions, or greases as lubri-

cants remained dominant In Europe until recent years, aad were often aided

by the deposition of a thin copper or cop.-er-tin coat on the steel wire by

drawing from baths containing copper sulfate. Like so many innovations,

this too was a result of accident; the coating was observeo to develop when

hot brass ngots were use. for warmitg up an acid pickling bath [13J. While

thin steel wire was drawn wet, • i a copper-tin coat, dry drawing with a
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soap was the main production technique for heavier gages in the U. S. but

found general acceptance in Furope only in the last few decades. The lattest

change affecting lubrication in wire drawing came with the introduction of the

sintered tungsten carbide die in 1923 [i1] and phosphate coating of steel in

1934 [14].

1. 13 Rollingi

Rolling lubricants, which now occupy such an important positioi4, have a

much shorter history. Roll`.g itself was first applied to metals in the cold

working of lead and gold in the 15th century [4], and for narrow strips of

coinage alloys in the ] 6th century [2]. The first sketch of a mill Is due to

Leonl-do da Vinci. The 17th century saw the appearance of the slitting mills

in which Icrged flats were split with collared rolls, then rounded by forging

and finally drawn into wire. Grooved rolls were used in 1728 in France by a

M. Fleuer some 60 years before they were patented by Henry Cort In

England. To quote Lewis [15], "these early ironmasters never scrupled to

make use of a process many years beCore it had been invented." Never-

theless, it was another hundred years before wire rod was regularly rolled,

and Bedson's continuous mill appeared in Manchester in 1862 [16]. Rounds

and sections, however, always were and still are rolled without any lubri-

cant, and we must look to the rolling of sheet to trace the development of

lubricants.

Sheet was traditionally hammered from a cast ingot, with up to 50 layers

forged in a pack for tinplate [4]; rolling had to wait until rolls could be turned

accurately. Wide lead sheet was rolled in the 18th century, and nonferrous

metal sheets were soon cold rolled in gradually incree sing widths. However,

lubrication requirements of copper and copper-base alloys were relatively

modest and, until well Into this centiry, Pn occasional smear with a Lubri-

cant of Jealously guarded composition was sufficient. The lubricant was

usually based on mineral oils (available In quantity since 1860) and com-

pounded with animal and vegetable fats and oils. The coid rolling of aluini-

num sheet, gdaning prominence in the 20th century, prescuted probably tue

first challenge of developing lubricants on a more systematic basis. Light

mineral oils chosen for their low staining propensity, sometimes compounded

W-i- a small quantity of additives such as lanolin, were soon found to be

adequate for the low speeds then employed.



6 JOHN A. SCHEY

Until the same period, steel was rolled cold in relatively narrow widths

at low speeds, for which cooling with water and a rather marginal lubrication

wi&h some heavy and possibly contaminated mineral oil sufficed. Wider plate

was hot rolled in the mid 18th century, while thin sheets were hot rolled in

packs and thus needed no lubricant at all [4]. The first continuous wide strip

mill which was built in Teplitz (at that time, Austria) in 1892 made little

impact, but the hot rolling of wide strip became general practice after the

success of Townsend and Naugle's plant at Columbia Steel Company,

Pennsylvania, in 1926 [17, 18]. In the same year, the Revere Copper and

Brass Company of America introduced the tandem cold mill, soon followed by

similar mills for steel and some years later fnr aluminum.

Tinplate had its beginnings in the early 14th century in Germany [19]. As
with all sheet, it was first forged (hammered) and, in the 18th century,
rolled. Finally, hot rolling in packs was established around 1790. The in-

creasing consumption of tinplate promoted the installation of wide strip mPls

for cold rolling. These first presented a serious problem, because the usual

mineral oil based lubricants proved completely inadequate. An inspired

guess by A. J. Castle [20] in 1930 resulted In the imxrediate acceptance of

palm oil-previously used on tinning lines-as a rolling lubricant. It spread

from the U. S. to all parts of the world and is still a lubricant of recognized

quality. High rolling speeds also created u substantial problem of roll

heating, and water-applied either separately or in the form of an aqueous

dispersion or emulsion-gained in importance.

1.14 Extrusion and Other Processes

Lubrication techniques in other cold metalworking operations such as

tube drawing, deep drawing, and cold heading usually drew upon experience'

gained in wire drawing and rolling, although a good deal of interaction must

have existed. By and large, highly viscous oils, greases, fats, and soaps,

often fortified with filler materials, were chosen for low-speed deformation

at high reductions and lower viscosity or aqueous lubricants for lighter

duties.

Extrusion was a rslative latecomer among the metalworking processes.

Like so many otherj, it was first practiced on lead [211. Joseph Bramah

patented a tube extrusion prese in 1797; copper and RtA alloys had to wait

until 1894, when Dick duccessfully extruded brass. Lubr:..atlon waa and is
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important, but simple oils and graphited mixtures were found acceptable. A

complete absence of lubricants was found to assure the best quality extrusions

in aluminum.

Two of the most significant lubricant developments occurred during

World War H. The phosphate conversion coating was adopted in Germany for

severe cold deformation (such as drawing and extrusion) of steel, and glass

pad lubrication was successfully developed in France for the hot extruzion of

steel. These are, however, developments that bear upon present-day

practices and will be discussed in more detail in the appropriate chapters

dealing with metalworling lubrication.

1.15 TheoL =

The reader will note that until about 30 years ago-most of the noteworthy

developments in metalworking lubrication came about by accident, inspiration,

or, at best, as a result of persistent experimentation. Nevertheless, some

theoretical background for a more systematic approach has been available

for a considerable time. Leonardo da Vinci recognized the basic law of

friction in 150b [22] which was then rediscovered by Amontons in 1699 [23].

Since then, the concept of a coefficient of friction has been adopted, but

almost a century passed before Coulomb [24] developed a theory postulating

that friction was due to both surface roughness and adhesion. Another

hundred years later, at the end of the 19th century, the principles of the

hydrodynamic theory of lubrication were developed by a number of scientists,

all working within a time span of 20" years [25]. Bounda s.y lubrication, which

plays such an important role in metatiworking processes, was closely investi-

gated by Hardy [26] in the years 191f-19r3, and his work is still a foundation

stone of present knowledge. Development of theories relating to dry and

lubricated friction had to await the forties, when research centers devoted

entirely tA. this subject formed around leading scientists in a number of

countries. The science of friction, lubrication, and wear (tribology) is

being recognized as a discipline of its own, although it is still practiced by

researchers trained in related cla:jsical dieciplines. It is 'ustomary, there-

fore, to refer to tribology as an intrdisciplinary science.

It Is evident from this brief surrey that the theoretical background that

could have influenced metalworl2ing lubricaticia developmen: was rather weak

until relatively recently. Tl1e !"rst measurements of frieton in deformation
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processing date from the late twenties and form properly the subject matter

of later chapters. Elemental and sometimes rather obscure theories were

often drawn upon for explaining lubrication effects, as is evidenced by the

otherwise excellent chapter on lubrication in the book on wire drawing by

Bonzel [27]. Detailed theories relating the effects of friction to the distri-

but~o, and magnitude of forces and power requirements are also young, dating

back to the early twenties.

1.16 Summary

We have seen that natural lubricants (mostly fatoi and fatty oils) or their j
modifications obtained through design or accident prvwIded satisfactory

lubricants for most purposes until recent times. On prolonged standiDg or in

continued use, many fatty substances develop free facty acids, jater recog-

nized as being among the most useful bourndary lubricants. Favorite lubri-

cants or lubricant combinations were often made to work by sheer persistence

and by adjusting process conditions until optimum results were obtained.

However, a need for a more systematic approach became increasingly evident

from the forties on. More powerful drives permitted increased production

rates, heavier reductions, higher speeds, and imposed more severe con-

ditions on the lubricant. New metals that were introduced to satisfy the needs

of the developing aerospace, chemical, and electronic industries often had

properties quite different from the more common metals previously used,

and have presented some of the most difficult lubrication problems. This

resulted in an unprecedented upsurge in interest, experimentation, and

analysis; in consequence, this book is largely a digest of developments since,

World War U.

1.2 SYSTEM OF DISCUSSION

This book attempts to fulfill a dual role: that of a textbxok for the

novice and a reference book for the specialist. In order to accomplish these

purposes, fundamental information bearing on metalworking lubrication is

discussed first, followed by specific surveys of individual processes. We

have earlier stated that the subject is a truly interdisciplinary one, and this

is reflected in the next three chapters.

Chapter 2 on "Friction Effects in Metalworking Processes" deals with
selected elements of tile theory of deformation processes-in particular,
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with the effect of frictiou on forces, power requiremlients, strain and velocity

distribution, as well as with the process limitations set oy friction.

Chapter 3 on "Friction, Lubrication, and We-r Mechanisms" presents a

survey Gf concepts developed from fundiamental research on friction, lubri-

cation, and wear. Most of this work relates t 1 bodies in elastic contact, -

since hardly any fundai-ental research relevant to bulk deformation was

carried out until recently. Nevertheless, applicaton to deformation pro-

cesses is highlighted wnenever possible.

Chapter 4 on "Lubricants" discusses the basic properties of iubricants,

with particular emphasis on substances that find widespread use in metal-

working processes. This chapter is svUl preparat.ory in a sense that it deals

with general classes of lubricants ratier than formulations for any particular

nietaiworking purpos'e.

The background provided by the above chapters allows a systematic dis-

cussion of "Lubricant Properties and Their Measurement" in Chapter 5.

This chapter draws freely on concepts of the theory of deformation processing,

and a familiarity with basic lubricating mechanisms is assumed. It also dis-

cusses some of the very i- •portant side effects of lubrication and triction,

such as wear of the die or wcrkpiece material, surface finish of the deformed

product, and staining appearing on the surface after deformation-all of them

aspects of great Importance but not necessarily amenable to a quantitative

treatment.

Subsequent chapters present a detailed, critical survey of present

knowledge on metalworking lubrication, grotiped according to the deformation

process. While the detailed subheadings in each chapter are dictated by the

subject material and, therefore, are not identical, a general plan is in-

variably adhered to: a discussion of fricti'nn and lubrication phenomena of

general validity is followed by a survey of the applicable lubricant classes.

Finally, specific experiments and published work practices relevant to the

main classes of industrially .'mpcrtant workpiece materials are given.

The best seqience for treating the great variety of metalworking pro-

cesses is always -,pen to some argument. Depending on the point of interest,

processes are often divided into hot and cold, primary and secondary, or

large-scale and small-scale tetaniques. For a treatment of lubrication,

none of these subdivisions offer ?'ny special advantage. The modle of contact

between tool and workpiece material surfaces and the continuous or
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repetitious nature of contact are much more important. Therefore, the

essentally steady-state processes of rolling (Chapter 6) end wire drawing

(Chapter 7) are discussed first, followed by the batch processes of extrusion

(Chapter 8), forging (Chapter 9), and sheet metalworking (Chapter 11), in

which the steady-state element decreases in this same order. Howevcr, the

deformation temperature does have a significant bearing on lubrication

practices; therefore. a further subdivision is made, whenever warranted,

into hot aud cold working techniques. In particular, it was found necessary

to discuss cold forging and cold extrusion lubrication separately in Chapter

10, while general observations on frictional effects are included in Chapters

8 and 9, dealing with lubrication in hot extrusion and hot forging, respectively.

The technology of various processes is also touched upon very briefly in

these chapter8, 1f only for the purpose of clarifying the usage of specialized

terms.

In choosing an appropriate system of notations and units of measure-

ments, U. S. usage was normally followed. Temperatures are generally

given in degrees Celsius, Only viscositie)s are quoted in a variety of units,

as they occur in the original references. An appropriate conversion graph

will be found in the Appendix.

It shold be noted that Chapters 2 through 4 are meant to provide a

bacKground and, as such, present a digest of information relevant to the topic

of lubrication in defcrrnation processing. In order to facilitate further read-

ing on the 3ubject, books and review articles are cited as references when-

ever possible. Tt is hoped that these chapters will be found adequate for most

nonspecialists as an introduction to the subject,

The text beginning with Chapter 5 aims at a complete coverage of rele-

vant Information, and a serious effort has been made to include all important

references pertaining to the field. This meant that a great mass of scattered

information and references o..d to be brought together and treated in a

systematic fashion. The rather diffuse nature of the subject material made

it mandatory that some arbitrary d6cisJons be made regarding the best method

of treatment, and available information had io be fitted into this framework.

Topics covered in one publication may be discussed under various headings

for the sak3 of uniform treatment; references are always collected at the

end of each chapter.
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In order to provide some guidance for the nonspecialist, it was also re-

quired to apply a critical treatment, pointing to strengths and weaknesses of

various approaches. Such judgment necessarily involved personal views;

great care has been taken to separate-by unequivocal wording of the text-

the views of the original authors from those attributable to the writers and

editor of this book. It is hoped that such treatment will preserve the value of

the book as a reference source, even though some of the Judgments are bound

to become outdated by new information coming to light in the course of future

research.

An obvious alternative method of discussion would be the treatment of

each individual deformation process in its entirety. This would have meant

grouping the effects of friction, techniques of measuring friction, and specific

lubricants in chapters devoted to rolling, wire drawing, etc., making it easy

reading for those concerned only with a single deformation process. How-

ever, In choosing this method, the opportunities of showing unifying concepts

would have been lost. In particular, lubrication concepts and techniques of

proven value in any one metalworking process could often be applied to other

process's; it is all too obvious that narrow specialization can lead to un-

necessary duplication of effort. Therefore, it was felt that the benefit of the

broader treatment outweighs the advantpges of the narrower, more special-

ized approach. This also means that the text should be at least scanned

through in the sequence as presented, even if only some of the deformation

processes covered are of deeper interest; it is hoped that this will not prove

an obstacle to the reader.

REFERENCES

[1]. C. Singer, E. J. Holmyard, and A. R. Hall (eds.), A History cf

Technology. Vol. 1, Oxiord at the Clarendon Press, 1954, pp. 573-662.

[2]. C. S. Smith, in. "Metallurgy," Encyclopaedia Brituinica. Vol. 15,

1967, pp. 237.

(3]. E. von Wedel, Die Geschichtliche Entwicklung des Unformens in

Gesenken. VDI Verlag, DUsseldorf, 1960.



12 JCHN A. SCHEY

[4]. 0. Johannsen, Geschichte des F-sens, Verlag Stahlelsen,
VDisseldorf, 1953.

[5]. W. F. Parish, Mill & Factory, 1935 (3), pp. !6-30, 86-87. 1
[6]. C. St. C. Davison, Wear, 1, 1957/1958, pp. 155-157.

[7]. K. B. Lewis, Steel Wire in America, The Wire Asercation, Stamvford,

Conn., 1952, pp. 1-41.

[8]. "Theophflus," Encyclopaedia Britannica Vol. 21, 1967, pp. 998-999.

[9]. P. Rump, Stahl Eisen, 88, 1968, pp. 53-57.

[10]. K. B. Lewis, Wire Ind., Jan. 1936, pp. 4-8; Feb. 1936, pp. 49--55.

[11]. A. Pomp, The Manufacture and Properties of Steel Wire (Engi. ed.),

Wire Industry, Ltd., L,ndon, 1954.

[12]. V. Biringuccio, The Pirotechnia of Vannocioo Biringuocio (1540),

transl. by C. S. Smith and M. T. Grudi, AIMME, New York, 1943, pp.

378-379.

[13]. F. C. Thompson, Wire ind., May, 1935, pp. 159-162; Feb. 1936,
pp. 58.

[14]. F. Singer', German Patent, D.R.P. pp. 673,405, 1934.

[15]. K. B. Lewis, Wire & Wire Prod., 17, 1942, pp. 16-27, 56-60.

[16]. H. R. Schuberth, History of the British Iron and St3el Industry.

Rutledge & Kegan Paul, London, 1957.

[17]. E. C. Larke, The Rollin of StriD. Sheet and Plate, 2nd ed.,

Chapman and Hall, Ltd., London, 1963.

[18]. W. H. Dennis. A Hundred Years of Metallurtv. Aldine Publishing

Co., Chicago, 1963.

[191. L. Aitchison, A Histora of Metals Interscience Publishers, Inc.,

New York, 1960, pp. 320, 439, 469.

[20]. R.J. Nekervis, In discussion to P- C. Williams, Iron Steel Engr.,

30 (8), 1953, pp. 65-68.

[21]. C. E. Pearson and R. N. Parkina, The Extrusion of Metals, 2nd ed.,

John Wiley & Sons, Imc., New York, 1961.



1. BACKGROUND AND SYSTEM OF APPROACH 13

[221. L. da Vinci, Notebooks (1452-1519), Jonathan Cape, London, 1938.

[231. G. Amontons, Mem. Acad. Roy. Sci. (Paris), 1699, pp. 206-222.

[24]. C.A. Coulomb, Mem. Math. Phys., Acad. Roy. Sci. (Paris), 10,

1785, pp. 161-331.

[25). A. Cameron, The Principles of Lubrication John Wiley & Sons, Inc.,

New York, 1966, pp. 263-275.

[26]. W. B. Hardy, Collected Scientific Papers. Cambridge University

Press, Cambridge, 1936.

[271. M. Bonzel, Steel Wire. Engineers Book Shop, New York, 1935.

Note added in proof:

Since the completion of the manuscript, the following books have appeared

that many readers will find useful:

Boundary Lubrication: An Appraisal of World Literature. American

Socaety of Mvchanical Engireers, New York, 1969.

J. J. O'Conner, ed. -in-chief, Standard Handbook of Lubrication

Engineering. McGraw-Hill Book Co., Inc., New York, 1968.

P. M. Ku, ed., Tnterdisciplinary Approach to Friction and Wear.

NASA SP-181, Washington, D.C., 1968.



Chapter 2

FRICTION EFFECTS IN METALWORKING PROCESSES

John A. Schey

2.1 Plastic Flow and Inerface Friction ............... 17

2.11 Plastic Yielding ...................... 17

2.12 Interface Friction. . . . .. . .............. 18

2.2 Rolling ........................... . 22

2 21 Definitions .................... . 23

2.22 Velocity Distribution ............... . 24

2.23 Stress Distribution ......................... 28

2.24 Strain Distribution . . . ............... 31

.25 Heat Generation 33

2.26 Process Limitations ................... 34

2.27 Shape Rolling ....................... 36

2.3 Drawing of Wire, Bar, and Tube .r............... 37

2.31 Definitions ............. . ....... . 37

2.32 Velocity Distribution .................... 39

2.33 Stress Distribution ...................... 40

2.34 Strain Distribution .............. ...... 44

2.35 Heat Generation ............................. 46

2.36 Process Limitations ......................... 47

2.4 Extrusion .................................. . . . 47

2.41 Definitions ............................... 48

2.42 Velocity Distribution ................. . 50

2.43 Stress Distributior .................... 52

2.44 Strain Distribution ....................... 55

2.45 Heat Generation ....... .......... . 57

2.46 Process Limitations ......................... 57

2.5 Forging................................... . 58

2.51 Definitions......................... . 59

2.52 Velocity Distribution .. .. .. .. .... .... .... .... 61

15



16 JCnN A. SCHEY

2.53 Stress Distribution .................. 63

2.54 Strain Distribution . . . . . ................. . . . 66

2.55 Heat Generation ........ . . . . . . . . . . . . . . . .  67

2.56 Process Limitations .. .... ... . ... .. . 68

2.6 Sheet Metal Working Processes ................ 68
2.61 Definitions .. .. .. .. .. .. .. .. .. .. . .. 69

2.62 Velocity Distribution ................. 71

2.63 Stress Distribution ................... 71
2.64 81rain Distributloa 73

2.65 Heat Generation . . . . . . . . . . . . . . . . . . . . 74

2.66 Process Limitations ................. 74
2.7 Summary .. .. .. .. .. .. .. .. .. .. .. .. . .. 74

References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

Lubricants are called upon to fulfill a number of functions. Tna bulk of

existing knowledge relates to their ability to reduce friction, which, in turn,

lowers forces and energy requirements and permits greater deformations to

be taken with available equipment. From the practical point of view they may

have more important functions: to govern the surface quality of the finished

product, and to reduce, control, or eliminate pickup of workpiece material

on the tool surface, wear of the die, and scoring of the finished product.

Lubricants may also contribute to the success ef tie operation by preventing

heat loss !,rom a hot workpiece, by insulating the die from the heat of the 3

workpiece, or by cooling the workpiece and die that would otherwise h-sat be-

yond acceptable limits because of the heat of friction and deformation.

Of all lubricant functions, that of reducing friction. is most readily

measured and theoretically analyzed. Some critics of metalworking lubrica-

tion research regard the concentration on friction measurements as an ob-

session, and point out that wear or surface finish may be far more import-nt

in some practical applications. While the basis of this criticism is valid, it

should be recognized that friction alone is readily measurable and amenable

to a quantitative or semiquantitative treatment at the present time. There-

!ore, this chapter will be devoted exclusively to a systematic examination of

the effects of friction on forces and material flow in metalworking processes.

Ihis will be done with reference to elements of plasaicity theory that enable

us to assign numerical values to complex interactions. The purpose of this
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chapter is not to present a summary of the theory of deformation processing;

rather, it is to dsvelop an understanding of what plasticity theory can offer in

interpretng lubricating effects. The reader interested in the theory of

deformation processing is referred to a number of excellent treatments

available [1-12].

2.1 PJASTIC FLOW AND INTERFACE FRICTION

Before any meaningful discuesion of frictional effects can be embarked

upon, it is important that some of the basic tel ms generally used in plas-

ticity theory should be unequivocally defined.

2. 11 Plastic Yielding

First of all, it should be recognized that plasticity theory takes a simpli-

fled, mechanistic view of metalworlung processes. It normally assumes

that the deformIting material is continuous, homogeneous, and isotropic.

Greater simplicity of treatment is achieved if the material is also assumed to

behave as a rigid/perfectly plastic (non-iardening) substance. This means

that the material shows no elastic deformation but suddenly begins to deform

plaftically when the yield criterion is satisfied. In simple tension or com-

pression this occurs when the unlaxial yield stress of the material % (also

denoted by Y in the British and by kf in the German literature) is reached.

It is then asumed to contirue to flow at the same stress (Fig. 2. la). (O

course, all real materials first suffer t•iastic deformation and-especially

in cold working-also strain hardening, leading to a continuous rise in the

N

Sb. .

Fig. 2. 1. Some typical stress-strain curves: (a) ideal rigid-plastic

material, (b) cold workin, and (c) hot wor*king. -
----------- (--e.

0. b. ,
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yield stress (FIg. 2. 1b). 'The ideal, perfectly plastic behavior is sometimes

approximated In hot working (Fig. 2. 1n) or by some heavily strain-hardened

metals (e. g., alumimm) in cold working,

The deforming workplece material is subjected to an often rather com-

plex combination of compressive, tensile, and shear stresses; these can be

reduced to three (compressive and/or tensile) principal stresses. Plastic

flow sets In only If the stress state satisfies the yield criterion. The yield

criterion of Tresc- -"*•s that yielding occurs when the difference of the

maximum and min..n_..m principal stresses reaches a. The more accurate

and generally used von Mises criterion takes also the intermediate principal

stress Into consideration.

The difference between the stresses predicted for yieiding by the two

criteria is not great, and reaches a maximum of 15% in the ,heoretically

and practically important situation of plane strain. A mat-rial is deformed

in plane strain when no deformation is allowed tb occur in one of the principal

directions; for example, the rolling of thin wide sheet proceeds in an almost

pure plane-strain system, because the sheet thickness is reduced and length

increased without a material change in width. Under these constrained con-

ditions. Tresca still predicts yielding at a , while the measured values

usually agree better with the von Mises criterion that places yielding at

1. 1Z a (the latter is usually written as 2k in the British literature). The
0

difference is small enough to be ignored for our purpose. Besides plane-

strain. axisymmetrical deformation, typified by an axis of rotational sym-

metry (e.g., extrusion and drawing of rounds), is often encountered; yi-&'ding

then occurs at a.

In the following, the mean yield stress a w will be used for c!-lculations

of force and power. It is obtained by taking the average height of the area

under the yield s;ress curve, between the strain limits prevailing during the

deformation process, and it accounts for the effects of strain hardening or

hot working in the simplest way (Fig. 2. 1). For n m 3aningful solution it is,

of course, important that the stress- strain curve shouid be known for the

temperatures and sttain rates typical of the process.

2.12 Interface Friction

Metals are able to accommodate only a limited amount of tensile strain;

necking and fracture soon occur. Much greater deformation m,zy be
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achieved without fracture in compression; therefore, most practical metal-

working processes effe-t plastic deformation by applying a force through a

saitable tool or die. Friction ine-,itably arises at the die-workplece inter-

face, and it is this friction that is the subject of our considerations. Math-

ematically, twa basic views of the friction relationship may be taken: first,

the interface friction may be characterized by the coefficient of friction:

= F/P (2.1)

or, for a uuit area

S= /p (2.2)

where F and r are, respectively, the lateral fore and lateral (tangential)

stress resisting relative movement between the die and workpiece, while P

and p, respectively, are the lead and stress normal to the surface.

The second view of frictional phenomera assumes that the interfacial

zone may be represented-as a first approximation-by an idealized or actual

material uf a constant shear strength, ri. This may be taken as a material

constant, independent of the interface pressure, and a constant fraction m of

the shear strength ro of the deforming body:

i --- m 'o (2.3)

Neither 1i nor rt gives any Information about contact conditions at the

die-wor'Tpiece interface; these will he discussed in Chapter 3. However, the

two mathematical representations of the same physical phenomenon have an

important bearing on thG quantitative treatment of relationships between

friction and other process parameters.

In most metalworking operations, interface pressures p developed by

the major active force reach at least the unlaxial yield stress a but, de-

pending on the prevailing stress system, they may readily attain a multiple

of oa (Fig. 2I 2). In contrast, the tangential shear stress r can never be

larger than the yield strength of the workpiece material in shear, ro,. Once

this value is reached, movement along the interface is arrested (sticking

friction) and deformation continres by subsurface flow, or shear, in the

workpiece material. Since the shear strength ro of materials is 0.5 ao

according to the Tresca yield criterion (or 0. 577 ro according to von Mises

yield criterion), the coefficient of friction cannot exceed 0.5 (or 0. 577) at

the onset of bulk plastic flow, at least in a non-strain-hardening material.

If, for simplicity, it is assumed that deformation is approximately uniform
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Fig. 2.2 Examples of the variation of frictional stress with normal

pressure: (a) variation of shear stress, (b) coefficient of friction, and (c)

interface shear strength factor.

in the whole body, then the shear strength increases at the same rate as the

compressive yield strength and the maximum value of the friction coeffizient

can never exceed 0.5 (or 0.577) even in a strain-hardening material.

As mentioned above, interface pressures may reach a multiple of the

unlaxial yield stress in most metalworking operations. Since available

evidence indicates that the shear yield strength of the workpiece material

is not affected by normal pressure, the frictional stress prevailing in stick-

ing friction remains constant (Fig. 2.2a, dash-dot line). When represented

as a coefficient of friction, the friction value decreases in inverse propor-

tion to interfac2 pressure (Fig. 2.2b) by virtue of the method of calculation

(Eq. 2.2). This is obviously an anomalous eftuation that could cause mis-

interpretation of results and render friction coefficients meaningless unless



2. FRICTION EFFECTS IN METALWORKING PROCESSES 21

the interface pressures at which measurements were taken are specified. A

friction coefficient is really meaningless for sticking friction and is best

avoided; the method of calculation also introduces imcertainties in sliding

friction. A constant p (broken lines in Fig. 2.2) actually corresponds to a
situation in which the shear strength of the interface increases with increas-

ing pressure and the interface has, therefore, no constant properties.

The dependence of the friction coefficient on interface pressure has led

a number of researchers to advocate the use of an interface shear stress i

(Eq. 2.3) which, in unlubricated contact, would always be equal to the shear

strength ro of the softer material, giving a constant multiplying factor m = 1

(Fig. 2. 2c). If the lubricant introduced between the die anid the workpiece

is of constant shear strength, equal to a fraction m of tl~e shear strength ro

of the workpiece material, ri will be lower than r° but will still remain

constant irrespective of the interface pressure (solid lines in Fig. 2.2a).

This would result in a lower coefficient of friction, again sensitive to inter-

face pressure, but is correctly indicated as a pressure-independent constant

when the concept of interface shear strength ri is used (Fig. 2.2c).

In practice, the situation is seldom as simple as in any of the above

exaAmles. Fri(tional interface stresses may vary from point to point in the

zone of conitasi between the die and workpiece; this difficulty is usually

circumvented by assuming an average friction stress (or coefficient of fric-

tion) along the contact zone. If friction rises because of gradual breakdown

of the lubricant, the coefficient of friction may still remain constant if,

fortuitously, pressure rises at the same rate. Unfortuna'ely, the concept

of a constant interface shear strength is not 1.adily applicable either, since

it would be necessary to assume that m is variable and a function of inter-

face pressure. Evidently, the plot of m against p (Fig. 2. 2c) is nothing

more than a repeat of the original frictional stress vs. interface pressure

curve (Fig. 2.2a).

Reluctantly, one is forced to arrive at the rather unsatisfactory conclu-

sion that there is no fully acceptable way of representing frictional co:,di,'tons

mnatlematically. In the following sections, it will be noted that morst exidrting

theoretical solutions are built on the concept oi a coefficient of frictioi.

In this chapter, arranged according to deformation processes, a

standard outline will alway- be follow(e. Airst, various elements of tlz

process are described, so as to clarify definitions. Next, the speed
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relationships prevailing in the process are discussed, in order to define the

relative sliding velocities that are operative for the lubricants applied to the

interface. Then interface pressures, their distribution over the contact zone,

and their averages are examined. Quantitative solutions are referred to

whenever they provide a better understanding of the effect of friction. Plas-

tic deformation is, by definition, associated with shape changes, and the

effect of friction on strain distribution needs to be discussed in some detail.

Bulk deformation and surface friction act to increase temperatures in the

deformed product and at the interface; since temperature is often vital in

determining the usefulness of a lubricant, this aspect is given consideration,

quantitatively if possible. Finally, friction may determine the very possi-

bility of successful deformation; theretore, process limitations as affected

by friction are discussed last. Theoretical analyses are usually limited to

simple deformation processes and, in many instances, it is necessary to

rely on a qualitative assessment of the conditions that affect friction and

lubrication. A discussion of confirmatory experimental evidence will be

found in Chapters 6 to 11 dealing with individual processes.

2.2 ROLLING
Rolling accounts for the greatest volume of materials worked by defor-

mation processes; good general accounts of it have been given by Larke [13]

and by Starling 14?. Even though the operation may appear very simple at a

first gignce, it is extremely complex.

From the mechanical point of view, the rolling of long strips is a

steady-state process, but complications enter as soon as surface contact is

Investigated. First, very high local pressures and abnormal material flow

occur at the nose and tail of the workpiece which may cause particular dif-

ficulties in lubrication, especially in the hot working of some materials such

as aluminum. Second, the cen~act zone between the workpiece and the roll

changes continuously, and any part of the roll surface contacts the workpiece

surface only once during every roll revolution. Thus, contact is really of a

cyclic nature as far as lubricant breakdown, roll pickup, and surface tem-

peratures are concerned. In the "idle" period of the cycle, accidental or

intentional changes to the surface may occur, for example, through rubbing

&gainst scrapers, wipers, or wire brushes. The consequences of this

cyclic contact will be appreciated in the course of discussing lubricating
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effects in Chapter 6. Third, the direction of interface sliding reverses at

the neutral point, impoeing an arduous duty on the lubricant.

2. 21 Definitions

In the rolling of a sheet or strip, thickness Is reduced from hI to h2 by

rolls of R radius (Fig. 2.3). The absolute reduction in a single pass is:

hA=h - h (2.4)1 2

or in relative (or percentage) terms:

r -- (h1 - h2 )/h1  (2.5)

or

r% = 100 (h, - h2 )/hl (2.6)

Reduction expressed in tarms of the natural strain

In = (hl/h 2 ) (2.7)

is of greater theoy.etical value and has the advantage that strains imposed in

individual passes may be added up; it is, however, relatively little used in

rolling.

V 2  ___

Fig. 2.3. Geometry of Nil! pass and associted velocites.

Pi
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The strip may be repeatedly rolled on the same mill in several passes or

subsequent passes may be taken on several mills placed in a line (tandem

mill). The material displaced by reduwing the thickness of the workpiece

increases mostly in its length, although some width increase (spread) also

occurs. Spread decreases as the width of the workptece increases, and is

zero at an infinite width (plane strain). In practice, spread may be neglected

and the problem regarded as one of plane strain when the width of the work-

piece iq not less than 6 to 8 times the average thickness. Long strips are

rolled in coil form; back tension applied at the entry and front tension ap-

plied at the exit help to keep the strip running straight and flat, and also

reduce roll forces.

The workpiece may be rolled into a shape otlber than a flat rectangular

cross-section by using rolls into which appropriate grooves (roll passes)

have been cut. Relationships are much more complex than in flat rolling,

and total production quantities are much less; consequently, theoretical work

has also lagged. Differences between flat and shape rolling will be mentioned

only qualitatively at the end of this section.

2.22 Velocity Distribution

The continuiy of an incompressible material may be maintained only if

the product of thickness and velocity is constant at any point along the zone

c' qontact. For rolling with a constant width, the constancy of volume may

be written in the following form:

vih = v2 h2 A= vo h (2.8)

The constancy of volume demands that the exit speed of the strip should

be increased in proportion to the pass reduction and, unless skidding occuro,

the rolls will have to move at some speed intermediate between entry and

exit speed. There can be only one point in the arc of contact where strip

velocity is identical to roll velocity; at this point there is no relative slip

between the two surfaces. It is described, therefore, as the no-slip or

neutral point or, if looked upon in a three-dimensional presentation, the

neutral pane. At all other points along the arc of contact the strip is moving

either slower than the rolls (backward slip between entry and neutral point)

or faster than the roll (forward slip between neutral point and exit). The

speed difference between roll and strip surface is shown by the shaded areas

in Fig. 2.4.
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The importance of relative slip between strip and roll surface can

hardly be overstated. In a typical rolling situation, forward slip will seldom

exceed 15%; the rest of the speed differential is taken up in the backward

slip zone. Therefore, the strip enters the roll gap at a high interface sliding

velocity which dizr.inshes very rapidly, within a space of typically 1 in. or

less, to zero in the neutral zone, only to pick up again as the strip leaves the

roll gap. This relative sliding and its reversal, while helpful In many re-

spects, also account for most of the problems encountered with lubrication

in strip rolling.

Single pass reductions usually range up to 40-50%. Rolling speeds of up

to 5000 fpm are encountered in the cold rolling of steel, thus Interface sliding

may reach 2500 fpm at the entry point and 1000 fpm at the exit point. Slower

speeds are usual in hot rolling, and some difficult-to-fom materials are hot

and cold rolled at only 50-100 fpm, with correspondingly low interface slid-

Ing velocities.

The magnitude of relative slip Is a function of the position of the neutral

plane. The angle of the neutral plane 0o may be calculated only if some

broad simplifying assumptions are made. Fortunately, it appears that many

of the errors introduced by these assumptions offset each other; therefore, a

number of solutions have shown reasonable validity. Early work has been

reviewed in detail by Underwood [15i; since then, further derivations have

been produced by Ford et al. [16] and Geleji [5]. Of the existing solutions,

that due to Ekelund [15, 17] is rather conveuient to handle. In common with

other solutions, it assumes that deformation is homogeneous, slipping fric-

tion exists everywhere in the roll gap except in the neutral plane, and radial

roll pressure p and interface friction p are constant along the arc of contact.

These two latter assumptions are certainly unjustified, but the very approxi-

mate symmetry of the friction and pressure profiles around the neutral zone

ameliorates the situation. Relative slip between strip and roll surface

creates frictional forces (pp in Fig. 2.3) in a direction opposite to that of

the slip. From the balance of the horizontal components of all acting forces,

the position of the neutral plane may be derived according to Ekeiund as

o = a - (2.9)

o 2 Ai
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where a is the angle sustained at the entry point of the strip. From the pass

geometry, if Ah = h - h2 is small compared to the roll radius R, the length

of the projected arc of contact L (Fig. 2.3) is

L = [R--h- (2.10)

and the angle of entry

sin a = (2.11)
Ri RVER

Substituting Eq. 2.11 into Eq. 2.9

o0 P 4R (2.12)

Thus, the angle between the neutral and exit planes is completely determined

by the pass geometry and the coefficient of friction.

Alternatively, the position of the neutral plane may be derived from the

pass geometry and forward sitp. If forward slip Sf is defined as the propor-

tion by which the exiting strip velocity v 2 exceeds that of the roll velocity v,

then

Sf (v2 - v)/v or Sf% =100(v2 - v)/v (2.13)

From the geometry of the pass, forward slip is approximately equal to

01 2 r2R _ ](2.14)
Sf 20o Li 2h

As will be seen later, the measurement of forwaru slip offers a direct

way of determining an average coefficient of friction from Eq. 2. 12 and 2.14.

We have seen in conjunction with Fig. 2.2 that as soon as the product of

the interface pressure and coefficient of friction reaches the yield strength of

the workplece material in shear, sticking of the interface sets in and defor-

mation continues by subsurface shear in the bulk of the workplece material.

With a relatively poor lubricant, this condition Is first met near the neutral

plane where pressures reach a maximum. Thus the situation illustrated in

Fig. 2.4b develops; the neutral plane broadens into a neutral zone-a condi-

tion which, in the opinion of mary, shotid reduce forward slip. The fallacy

of this argument is best seen when considering rolling with sticking over

the whole arc of contact (Fig. 2.4c). Since no relative sliding takes place at

the interface, rolling may be imagined to proceed by a continuous forward



28 JOHN A. SCHEY

and backward extrusion of material. The rate at which the material is ex-

truded forward will be determined by the position of a plane that divides flow

In the two directions; this plane may now be denoted as the flow-dividing

plane [18]. As a result of the extrusion effect, material enters the rolls at a

speed lower than the roll surface speed, leaves the gap at a higher speed,

and the constancy of voluma is preserved.

The position of the neutral plane is very sensitive to the presence of

tensions. When tension imbalance exists and back tension predominates,

backward slip increases (the neutral plane moves forward), whereas front

tension increases forward slip (the neutral plane moves backward). Since

tension variations present symptoms similar to changes due to friction, they

may lead to confusion in interpreting observations.

The preceding discussion was based on the assumption that the width of

the strip remains sensibly constant. However, on relatively narrow stock

the increase in width (spread) cannot be ignored. Because most of the spread

develops between the entry and the neutral zone, spread primarily affects

backward slip, although some lowering of forward slip must be recognized.

No universally valid formulae have been found for expressing spread in

terms of pass geometry and friction; it is known, however, that spread in-

creases with pass reduction, roll diameter, and friction [19]. These effects

are readily understood qualitatively, since increasing arc of contact and

friction pose greater obstaeles to longitudinal flow, thus aiding lateral flow

or spread.

2.23 Stress Distribution

Interface friction not only affects the position of the neutral plane, but

also contributes to the interface pressure and, Lhereby, to the total roll

force and power requirements.

Pressures and forces generated in rolling are the subject of voluminous

literature on the theory of rolling; excellent reviews of the subject have been

given by Underwood [15] and more recently by Ford [20]. All but the very

simplest theories recognize that one of the m'nst important controlling fac-

tors, besides the yedld properties of the rolled material and geometry of

the roll pass, is friction. The mathematical treatment becomes possible

only if a number of simplifying assumptions are made, some of which are

familiar from thi discussion of forward slip equations. Thus, rolling is
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regarded as a problem of plane strain with sliding friction along the arc of

contact except at the neutral point, performed on an ideal rigid-plastic

material of constant yield strength. It is also assumed that deformation is

homogeneous-that is, or, -lnally ve tical sections remain vertical during

rolling. This latter assumption restricts the validity of these solutions to

relativelv thin sheet. Von Karman [21] was the first to write the differential

equations for the equilibrium of horizontal forces acting on a vertical section

of dx thickness, taken at distance x from the exit plane (Fig. 2. 5a). As-

suming that friction is low and x is small relative to the rzil radius R, the

radial roll pressure p may be considered approximately identical to the

vertical component pv of the pressure, and the equilibrium can be expressed

as

d(ah/2)(.5dx P(5in • -- P os(•) (2.1z5)d~x =Pv ("a +tco

where the minus sign refers to the zone of backward slip and the plus sign

to the zone of forward slip. The horizon-i compressive stress & is assumed

to be uniformly distributed over the height h of the section.

A point-to-peint integration of Karman's equation shows that the inter-

face pressure rices to the neutr~l plane as a result of the centribution of

friction (Fig. 2. 4a); accordingly, the shape of the pressure distribution curve

is usually referred to as the friction hill. More generalized solutions pre-

sente i by Orowan [221 and later by Geleji [5] eliminated some of the un-

realistic aesumptions; notably, strain-hardening of the workpiece material,

inhomogeneous d, nation, and the presence of a eticking zone are al-

lowed for. In consequence, the aýsipe of the friction hill changes too. Pe-

cause of strain-hardening. interf%;e pressure is higher at the exit thin at

the entry point and, If friction is high enough to a,.rebt relative sliding be-

tween roll &id workpiece around the neutral plane, the peak of the friction

hill becomes flattened (Fig. 2.4b).

Wien the rolled material thickness h is large relative to the length of

the arc of contact L, deformation becomes 3omewhat similar to indentation

of a thick slab by a narrow anvil (see Section 2.53) and the restraining ef-

fecL of ýhe unaef(,- ned material adjacent to the deiormation zone cannot be

ignored. Because of this restraint, the resistiace to defermaLion of tue

material increases, raising the level of interface stresses. This ie a com-

mon occurrence in hot rolling and, coupled with the of en very high frictm
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and consequent widening of the sticking zone almost over the entire arc of

contact, gives rise to a greatly flattened friction hill (Fig. 2. 4c).

The labor of solving the basic differential equations used to be great

especially before the advent of the computer. However, for practical pur-

poses of roll force calculations, It is sufficient to find an average interface

pressure p and a great number of solutions have been proposed to accomplish

this task. Depending on the number of additional simplifying assumptions

adopted, the complexity of these solutions varies. In the final analysis, all

can be expressed in the form

P a L a f(,.) (2.16)

where b Is the width of the flat rolled product and f(pL) signifies a specific

function that takes into account the contribuition of friction~. When friction

is low (e.g., lubricated rolling of steel) the contribution of the friction hill

may be as little as 5-10% bu.t it may raise forces to two or more times the

frý'ctionless value in hot rolling or, If lubrication is poor, on materials

that show high adhesion to the roll surface 'e. g., aluminum or tit9nhivni).

Thieoretical solutions based on the concept of a constant interfacial shear

strength have also been produced (a. g. , Avitzur [2]) but offer little ad-

vantage since friction is likely to vary aiong the arc of contact (Section 6. 24).

Friction also affects the power consumption Lý rolling. The rolling

torque may be calculated by assuming the roll force concentrated at a dis-

ta~nce AL from the center'ine of the rolls (Fig. 2. 3); the totall torque for both

rolls become~s

T =2XL p (2.17)

It will be appreciated that the position of the lever arm is determined by

the actu.i- shape of the friction hill. In the neutral plane, ;'eversal of intr~

Lice friction takes place, giving rise to opposing torques. Consequently,

any shift in Wne position of the neutral plane will be reflected in a substantial

change of the net torque. When the friction hill is symmetrical around the

neutral plane, A= 0. 5; this is, however, a rare occurrence except for

some hot rolling operations, Di the r~bsence of external tensions, A values

ranging from 0. 3 to 0. 6 have been found; A = 0. 45 is frequently --- ed for

approximate calculations5 in cold rolling. Calculations, however. will be

accurate only if the exact shape of the friction hill can be derived, even if
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other than the lever arm method is used; for this reason, theoretical solu-

tions tend to be less accurate •:or torcque than for force. For the latter, a

shift in the position or shape of the friction hill peak may be of minor sig-

nificance because it does not rocessarily affect the average level of inter-

face pressures.

If the rolling torque is knw-n, the net horsepower of deformation is

readily determined from

HP = 2nTN/33, 000 (2.18)

where N is the roll speed (rpm) and T is in units of lb-ft. For the reasons

discussed in conjunction with rolling torque, calculations of horsepower often

suffer from the inadequate knowledge of the actual shape of the friction hill.

Tensions have a twofold effect: first, they move the position of the

neutral plane and thus affect the shape of the friction hill and, second, they

lower the interface pressure, which in turn may also cause a change (usually

a drop) in the coefficient of friction and thus flatten the friction hill. In

consequence, roll force and torque decrease. Theory is again more adequate

in predicting the changes in roll force than thoar in torque, mainly because

the position of the neutral plane shifts with external tensions (Section 2.22).

2.24 Strain Distribution

In an idealized case of flat rolling, a rectangular body would be de-

formed into another rectangular body of greater length and slightly increased

width. By definition, all originally vertical sections of the workpiece would

remain vertical. The ideal of homogeneous deformation is approached in the

rolling of thin wide strip, where the length of the arc of contact is a multiple

of the average strip thickness-that is, the L/h ratio is high. In general,

deformation remains virtually homogeneous as long as aliding friction pre-

vails along the whole arc of contact (except in the neutral plane). However,

as soon as a zone of sticking develops, the formation of a rigid, nonmoving

wedge of material must be assumed, as has been done by Orowan P2] and

shown in more detail in a slip-line solution of hot rolling by Alexander ý3].

As explained earlier, this must lead to an extrusion effect, causing a back-

ward convexity of originady vertical planes in the entry zone, and a forward

curvature in the exit zone. This additional material movement requires

extra work, often described as redundant work. Because friction
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determines the extent of the sticking zone, it also affects the magnitude of

this redundant work and, through this, the total efficiency 1•f the rolling

operation. It is worth noting that, occasionally, friction may be higher on

one roll than on the other; the rolled slab then curls around the roll with the

higher friction.

Whether sliding or sticking friction prevails, new surfaces are gen-

erated on the strip during its passage through the rolls. Thus, if a 50%

reduction is taken, half of the surface will be old (covered with absorbed

films, oxides, contaminants, etc.) and half of it will be virgin metal. Tho

generation of new surfaces occurs along the arc of contact when sliding

friction predominates, but surfaces must break up Just before entering the

roll gap when sticking friction prevails (see also Section 6.26).

The preceding discussion assumed that deformation takes place in plane

strain. In reality, some lateral spread always occurs, leading to an in-

homogineity of deformation in the lateral dimenbion. Increasing friction

limits material flow in the length dimension and therefore increases the

over-all spread. However, f lction also restricts material flow at the inter-

face in the width direction; therefore, it is likely that higher friction results

in greater outward bowing of the side faces. When heavy reductions are

taken on a relatively thin material (L/h > 1) bowing is concentrated in the

center, giving a barrel shape. High friction and relatively light reductions

on a thick workpiece (L/h < 0.5) lead to double barreling as shown by Mican

[24].

Friction also affects the flatness of the rolled product, but the inter-

action is too complex for a quantitative treatment; therefore, a discussion

of these effects will be fou'.nd in Section 6.28.

Through its influence on the homogeneity of deformation, friction may

also affect the occurrence of rolling defects. Edge cracking is a result of

secondary tensile stresses generated at the edges of th- rolled workpiece in

the longitudinal direction. Secondary tensile stresses become especially

large when a workpilece barrels severely; therefore, the likelihood of edge

cracking must decrease with decreasing friction. Friction, especially

sliding friction, has also been suspected [251 to contribute to opening up

the billet in the horizontal center plane (crocodiling, alligatoring); unfor-

tunately, no evidence or detailed analysis is available to support these

assumptions.
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Occasionally, surface cracking is encountered in the hot rolling of

difficult-to-work materials, usually due to a combination of low ductility at

less than optimum hot working temperatures and of secondary tensile

stresses generated by cooling the workpiece surface in contact with the roll.

Lubricants may alleviate the problem, although probably mostly throu-h their

heat-insulating properties.

2.25 Heat Generation

Most of the deformation energy in rolling is converted into heat, and

this would cause a temperature rise in the workpiece even if friction were

totally absent. Friction contributes to heat generation through at least two

sources. First, extra work is required to maintain interface sliding against

frictional resistance, and this energy is transformed into heat at the inter-

face itself. Secondly, inhomogeneity of deformation requires additional ef-

fort in excess of that corresponding to homogeneous deformation, and this

redundant work is also transformed into heat.

Frictional heat must raise the surface temperature of the rolled work-

piece; however, heat diffusion is usually very rapid in metallic materials and

equalization of workpiece temperttures occu-As soon after the strip emerges

from the roll gap, especially in cold rolling. t the other hand, substantial

temperature gradients may exist in tho hot rolling of thicker slabs where the

cooling effect of the rolls, lubricant, and/or coolant and the radiation to the

environment cause surface temperatures to drop. Frictional heat is seldom,

if ever, sufficient to offset the heat losses. The total heat input, however,

may be sufficient to maintain a constant or even increasing bulk workpiece

temperature, if rolling speed and rates of deformaticr are high enough.

While heating is a common occurrence in cold rolling, in hot rolling it is

limited to fast continuous lines and to mills that take exceptionally heavy

reductiona (e. g., planetary mills).

Undoubtedly, a substantial part of the frictioaal heat must pass into the

rolls, raising their temperature. Since the contact zone with the workpiece

varies continuously an'd the same point oi the roll surface is exposed to a

succession of heatirg and cooling cycls, calculaticn of the heat balance

becomes extremely complex. Heat flow in the worhcpiece material further

conmlicates the situation; the rate of heat diffi-•lon determines how much

of the geinera:4.. heat is conducted back in..o the undeformed workpiece, and
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heat transfer between workpiece and roll determines how much of the heat

finds its way into the roll. For practical purposes it is sufficient to know

that unless the lubricant radically alters the rate of heat transfer from strip

to roll, increasing strip temperature is always an indication of increasing

friction (see also Section 5.22).

2.26 Process Limitations

In a few instances, friction not only influences process variables but

also determines the very possiblity of performing the rolling operation it-

self.

Angle of Acceptance

It is common experience that the workpiece cannot be made to enter 'he

roll gap if the rolls are very smooth or well lubricated: the rolls "refuse to

bite." This condition is reached when the horizontal component of the fric-

tional force F is equPl to the horizontal component of the radial force Pr"

a

a

-1-
(az) (b.)

Fig. 2.5. Stresses acting on a vertical slab of the rolled workpiece (a)

and forces acting at the entry point (b).
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From Fig. 2.5b (2.19a)

or F cos a ->- Pr sin a
orr

F tan a (2.19b)

r

From the geometry of the pass, the maximum possible draft Is

Ahmax = p2R (2.20)

Since F/Pr = ; may be expressed as tan f (where f Is the friction angle), it

is usual to state that the bar will enter the rolls unaided only if the friction

angle f exceeds the contact angle a.

Limiting Reduction

The discussion of stress relationships assumed that the rolls and the

workpiece material were both absolutely rigid. This assumption is, of

course, untenable. The rolls behave as elastic bodies n compression and,

according to Hitchcock [26], it may be assumed that the elastic distortion

results in an increased flattened roll radius R' (Fig. 2.3); for rolls with

a Poisson's ratio of v and modulus E

R1 +-*.- v 2 (2.21)

In reality, the strip cannot be regarded as an ideal rigid-plastic ma-

terial either. Adjacent to the plastic deformation zone there must be a zone

of elastic precompression on the entry side, and a zone of elastic recovery

on the exit side. The strip leaves the roll gap at a thicker hl gage, and the

arc of contact may lengthen substantially (Fig. 2.3). Frictional forces dE,-

veloped over these elastic arcs of contact develop an increased horizontal

pressure ("negative strip tension") at the fnterfaces with the plast!tc zone.

The harder and thinner the rolled strip, the more important the elastic

effects become. In the limltLag case, the rolle flatten to the point wh( re

strip deformation is all elastic, and no further reduction may be taken.

This is commonly referred to as limiting gage. A number of theoreticaý

solutions have been proposed for pred.cting the minimum gage. These have
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been reviewed by Ford and Alexander [27], who also proposed a solution

that takes the elastic properties of the strip material into account:

4.212 Rl-P2) 9. 05 ALR(1 -V_2)1F
h Fmin = I Es + E r - (2.22)

This relationship shows that for a strip material with a Young's modulus

of Es and Poisson's ratio of P , the minimum thickness may be reduced only

by increasing the tension t, decreasing the roll diameter R, increasing the

roll elastic modulus Er (e.g. , with tungsten carbide rolls), or reducing the

friction p. Since equipment and material characteristics are often limited

or predetermined, the only broadly available control is that of the coefficient

of friction through a suitable choice of lubricants. It should be noted that one

theoretical solution [28] denies the existence of a limiting thickness; however,

practical experience indicates that with no tension applied, difficulties can be

expected as soon as the strip thickness is reduced to 1/400-1/600 of the roll

diameter.

The effect of friction on rolling defects, already discussed in Section

2.24, could also be regarded as an example of proceas limitations.

2.27 Siage Rolling

Conditions existing in shape rolling processes have not yielded yet to an

analysis as detailed as exists for flat iolling. Even in the simplest case-

say, that in the rolling of a diamond or an oval section-the active roll

diameter changes from point to point along the width of the section. Since

the section retains its continuity, great variations in sliding speed between

roll and workpiece surface must exist. The neutral plane probably changes

into a three-dimensional curve and friction would pose a very difficult prob-

lem were not reductions normally limited to lower values than acceptable in

flat rolling. Friction is particularly harmfui when deep grooves machined

into one of the two rolls are to bp filled, because it hinders radial material

flow.

Friction is, however, often desirable, especially in the hot rolling of

complex sections, because the so-called "indirect draft" used for developing

thin vertical sections relies on friction and on speed differences between

top and bottom roll surfaces. While the absolute magnitude of forces and

power requirement is of interest [5N, it is used mostly as a design factor
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for calculating rolling mill and drive requirements. Friction reduction is

attempted only if it aids filling difficult shapes or improves the surfaces.

2.3 DRAWING OF WIRE, BAR, AND TUBE

Wire drawing is a steady-state process from the mechanical and the

Lictional point of view. The wire is normally long enough to nake end ef-

fects insignificant, the same di,. surface is always exposed to contact with the

wire surface, and new v'ire surface is continuously drawn into the die. In

consequence, wire drawing lubrication usually reaches a well-defined equi-

librium after a relatively short running time; temperatures reach a steady

level and a lubricating mechanism typical of the Interface pressures, tem-

peratures, velocities, die geometry, and lubricqt quality develops, and

generation of wear debris from the wire and from the die assume a constant

rate. Such equilibrium may not be obtained, of course, if the lubricant

breaks down, causing die pickup and rising forces until the wire breaks, or

if wear of the die changes its geometry significanly. These practical con-

siderations may, however, be ignored for a consideration of the mechaa.Is

of the process.

2.31 Definitions

In drawing operations the cross-section of the workpiece is reduced,

occasionally with a concomitant change in the outline of the cross section.

The term wire drawing is normally applied to material of circular cross-

section (Fig. 2.6a). The initial diameter d1 is reduced to d2 ; consequently,

the cross-sectional area changes from A1 to A2. The reduction is then

r= (A, - A2 )/A, or r% = 100(A1 - A2)/AI (2.23)

The natural strain t is preferred for theoretical purposes:

In At in 1 (2.24)

Wires are drawn ih long lengths, with a power-driten drum providing

the draw force3. •i~e drums (bull blocks) are used for heaviest wires,

but the large -.. [',o,. -; passes required to produce thnrnner gages can be

economically a . n wire drawing machines in ',hich the wire passes

through a s ,,- dies. D3etween dies, the wire may be accumulated
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I C.

FMg. 2.6. Basic bar and tube drawing operations [73).

on drums, and the machine may be regarded as a _m.ecession of individual

bull blocks. When drawing with sli~p, two to three turns of wire are wound
on rum (cpstns)rottin., shghtly faster then the speed of te emerging

wire; the friction thus ger~erated provides the draw force.

A relatively modest quantity of wire is also made with a rectangular

cross-section; f:rom the theoretical point of view, the special case in which

a wide flat wire ra sheet) is drawn between two inclined die halves has

special signtficanec, The technique is somewhat similar to rolling in its

geometry, except that now the diLe fac2)s are stationary (Fig. 2.6b) and are

usually bounded by st~raight hnes. As in rolling, plane strain is attai!ned '

over most of the strip widt• if the width -to -thickness ratio Is larger than 8.

Large-diameter round products, usual.\, drawn in straight lengths, are ,

called bars.
Tube drawing may be performed in four basically •different forms.

Sink-.ng (FMg. 2.6c) is closest to wire drawing in that the tuk--n is drawn m
through a die, reducing P~s diameter and, usually, slightly increasing its

wall thickness. A mandrel (in Britain: plug) held in the deformation zone

(Fig. 2. 6d) or shaped so as to float there (Fig. 2. 6e) is used to control the m
internal diameter of the tube; thus both the diameter and the wall thickness m

of the tube are reduced. Similar deformation but very different sliding

condittomis are obtained in drawing on a bar (in Britain: mandrel, Fig. 2. 6f);

the additional strength of tht b~ar and friction on the bar-tube interface allow

N!
____



2. FRICTION EFFECTS IN METALWORKING PROCESSES 39

heavier reductions to be taken. The tube is then reeled away. The reduction

in tube drawing is usually expressed in terms of the change in cross-sectional

area, as in Eq. 2.23 and 2.24. When drawing on a mandrel or a bar, it is

also usual to distinguish between sink (change in. diameter) and draw (change

in wall thickness); the proportion of these is usually kept Within some em-

pirically determined limits for optimum product quality. Sink is generally
kept small.

There are a great number of tube piercing, reducing, and elongating

processes, conducted mostly hot. They present sev--ý demands on lubrica-

tion when the inside of the tube is formed against a pluts or mandrel, but no

systematic studies of the frictional conditions appear to have been made [5].

The outer surface is usually readily lubricated or needs no lubrication at

all, if deformation proceeds with rolls. Rolling contact eliminates most of

the relative sliding between the workpiece and the die, and thus offers favor-

able conditions even for materials that would otherwise adhere to the die

surface. For this reason, drawing in and pushing between roller dies has

also been used for r number of years [5] and is now gaining wider recogni-

tion.

2.32 Velocity Distribqtion

Positi,/e sliding over the die face takes place along the entire contact

length in wire drawing and, since the constancy of volume again holds, a wire

entering at a cross-sectional area A1 and specd v1 will leave at a cross

section of A2 a0~3 speed of v2 , the product of the corresponding A and v

values being constant. As a close enough approximation, it may be assumed

that the interface sliding velocity increases linearly in plane-strain drawin%

between two incliued flat dies and parabolically In axially symmetric drawing

in a conical die. Small deviations are caused by inhemogeneous deformation

and changes in friction, out these may be neglecter' or our purposes.

interface sliding velocities are much more .omplex in tube draw.'ng. In

sinking, sliding against the die increases in speod as the cross-sectional

area is reduced; if the decrease in diameter were counterbalanced by wall

thickening, a constan. interface velocity would be attained throlghout the

whole contact zone. Sliding prevails both on the mandrel aiid on the die

surface in mandrel drawing, but is more limited on the bar surfaLe in bar

drayvig. The exact interface veloclty profiles are affected by the
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draw: sink ratio, the draw angle, and friction; relationships are too complex

for a detailed analysis. However, from the lubrication point of vtew, the

absolute draw velocity (v2) can be taken as a guide; since reduction in araa

seldom exceeds 40-50%, the interface sliding velocity is practically never

less than half the exit velocity. In drawing on a bar, sink can approach

zero, and sliding on the bar is then much restricted.

Drawing speeds are typically of the order of tens of feet per minute for

bar and tube, several hundred feet per minute for heavier wire, and they

may reach several thousand feet per minute on finer wire. High drawing

speeds may present lubrication problems if the heat of deformation and

friction is not sufficiently counterbalanced by cooling; on the other hand, high

interface sliding velocities are extremely useful in building up a hydrody-
nam ic lubricant film, provided that the die geometry is favorable (i.e., the

die angle is low enough).

2.33 Stress Distribution

In drawing, just as in rolling, friction affects interface pressures

(normal pressures on the die wall), draw forces, and thereby the energy

requirements. Excellent summaries have been produced by MacLellan [29]

and Wistreich [30], and plane-strain theories have been reviewed by

Green .[3]. Even though no rigorous theory of wire drawing has been Je-

veloped yet, a number of approximate solutions are adequate to explain the

effects of friction.

One of the useful solutions is due to Siebel [323, who assumed a constant

coefficient of friction y(for convenience, this may also be expressed as the

friction angle tan f = p). Since both the die half-angle a and the friction

angle f are small in practice (Fig. 2. 7), the die forer Q is much greater

than the draw force P; deformation thus occurs primarily under the influ-

ence of the mean die pressure p. Making the further simplifyinv qsF -nip-

tions that the mean die pressure p is equal to the mean yield stress of the

material am and is not affected by p,

P=Qsin(a+f) and Qam (A,-A,/sina
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Fig. 2.7. Stresses acting in drawing a round wire.

which then leads to the simple formula for draw force P (for sma'l angles

sin a . tan a ;z a):

P ~u (Al- sin(a + f) (1 + (2.25)

m 1 A 2) sina In(A 1 - A2 )

An alternative formula for draw force may be derived from the work

done by unit volume; from the analogy of the simple tensile test, the draw

force for frictionless drawing P*

P* = ,7mA 2 In (A1/A 2 ) (2.26)

Similarly to Eq. 2. 25, this may be rewritten in the following form

P = arA 2 (1 + -) In (At/A2 ) (2.27)

thus accounting for the force required to overcome interface friction (the

term p /a is often written in the form of pi cot a).

A frequently encountered formula is due to Sachs [7]:

I +B (d2

P=a A 1 (2.28)

where B = p cot a. Friction in tho die land has been considered by some

authoes, but is difficult to separate and has remained a point of controversy

1301.
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It is ciear from these expressions that the draw force always increases

with friction. However, not all the increase over the frictionless "iraw force

P* should be attributed to friction, because the contribution of redundant

work must also be considered. Redundant work arises from the need of

shearing the material from entry to the exit boundaries, so as to change the

direction of material flow on entering and leaving the die. Forces necessary

to overcome redundant work may be allowed for in a number of ways, for

example, by introducing a multiplying factor 0 which is always greater than 1

and results in an equation of the following form [30]

P = armA2 (1 + #u cot a) 5 ln(A1/A2) (2.29)

Redundant work is a function of die geometry, conveniently described by the

ratio of the length of circular arc spanning the midpoint in th, contact zone

(h in Fig 2.7) to the length of contact between wire and die (L in Fig. 2. 7).

This ratio characterizes the die geometry in a somewhat shnilar manner as

the h/L ratio does for rolling (Section 2.24) and for forging (Fig. 2.21). In

most practical wire drawing operations, the value of h/L ranges between

0.8 and 2,5. Other parameters may be chosen to describe the draw geometry

but do not offer special advznftges [33,34]. The contribution of redundant

work to the draw force may be calculated rather simply from the die geome-

try; for example, by adding [32]

2a m A (2. 27a)
3 m 2

to the draw force calculated from Eq. 2. 27 or, according to Korber and

Eihinger [35], by adding

4amA2 (2. 28a)

to the draw force calculated from Eq. 2.28. Experimentally determined

multiplying factors for Eq. 2. 29 are little affected by friction 133] and may

be expressed approximately as

0 = 0.90 + 0.15 h/T, (2 0)

Johnson and Rowe [33] have aj o confirmed reasonable agreement with the

redundant work predicted by Eq. 2.27a and 2.28a.
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With increasing die angles (increasing h/L) redundant work increases

while the frictional force decreases; therefore, therb will be an optimum

angle at which the draw force is a minimum. Obviously, the optimum die

angle is a function of both reduction and coefficient of friction, and has been

derived by Herrmann [36] from Siebel's formula in the following form:

sin 2,a = ý,64 ZIn (A1/A2  (2.31)

A number of other solutions exist for the optimum die angle-for example,

those due to Gelcji [5] and Avitzur [/. and the empirical formula of Wistreich

[37]. For most practical condilions, the optimum die angle Is 6-80.

The pressure exerted on the die is overwhelmingly a function of die

geometry and reduction. With light reductions and large die angles the draw

geometry is unfavorable (the factor h/L is large), -deformation is not uniform

across the wire thickness, and the die pressure may reach up to three times

the yield strength of the material. With the more typical reductions of 20-

40%, and die half-angles a = 4-120, die pressures are in the vicinity of the

yield strength of the material [37], in agreement with Siebel's assumption.

Both anaiytical and slip-line field solutions indicate that the die pressure

should decrease with iacreasing friction. The differences are, however,

rather small-less than 10% for an increase of p from 0.05 to 0. 1. Probably

because of the concentration of redundant work at the entry and exit zones,

measured interface pressures also exhibit peaks there (Section 7.25), which

may be significant in causing 1 "ricant breakdown.

Just as in rolling, a back tension may be applied to the wire with a

consequent reduction in die pressures. While the absclute change in die

pressures may not be very dramatic, it may be sufficient to cause a change

in the lubrication mechanism and, therefore, in friction. The potential use

of back-tension effects for the determination of friction will be discussed in

Section 5. 23.

Although the above discussion utilized the concept of a coefficient of

friction, a cnstant interface shear str'ength may be equally readily postu-

lated. The differences are likely to be small, because interface pressures

are not much in excess of the yield strength of the material.

The drawing of a flat strip (the plane-strain counterpart of wire

drawing, Fig. 2. 6b) is theoretically important because it allows slip-line

field solutions including the effects of friction and redundant work DUi.
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Calculated draw forces and the effects of friction are, however, similar to

those derived for the drawing of round wire, and need not be expanded upon

here; the only material difference is that redundant work is less in strip

drawing.

Friction conditions In tube sinking are in no way different from those

prevailing in wire or bar drawing. However, as soon as a mandrel or bar

is used to control internal surfaces, additional frictional forces are gen-

erated. When drawing on a mandrel or on a floating plug, the inner surface

of the tube slides over the plug and the direction of the frictional force is the

same as that on the outer interface. If reduction is mostly by draw rather

than by sinking, the effect of this additional friction may be taken into account

by inserting the term

(IL1 + M2 )/(tana - tang) (2.32)

for u cot a in Eq. 2. 25 or 2. 27 (p 1 is friction on the outer interface, A 2 on

the inner interface, and 13 is the angle of the mandrel cone).

In drawing on a bar, the tube material slides over the surface of the

bar; therefore, the frictional force at the interface opposes that of the outer

interface. Consequently, the expression to be substituted for p cot a in Eq.

2.27 now takes the form

(M 1 - P 2)/tan-a (2.33)

since tang3 = 0. The consequences of this are rather interesting. While

the additional friction over the mandrel increases the total drawing stress,

the friction between the bar and tube actually decreases it. If friction on the

bar is the same as on the die, the contribution of friction is eliminated, and

if friction over the bar is larger than over the die (a not al together unlikely

circumstance), the drawing stress may be actu.i-0y less than in frictionless

drawing.

2.34 Strain Distribution

Uniformity of deformation is a function oi the draw dle geometry as

expressed by the ratio h/L. Only if this ratio is large will deformation

become markedly inhomogeneous and, in the extreme case, some bulging

of the wire ahead of the die will occur. Friction increases inhomogeneity of

deformation, as shown in Fig. 2.8 for two die angles [10] for the drawing of

0.360 in. diameter copper bar for 36% reduction in area. It has been
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Fig. 2.8. The effect of friction and die angle or. the distortion of a

vertical line scribed on the cross-section of a round bar [10].

repeatedly observed also that the wire continues to thin beyond the die, the

thinning being larger with die geometries that cause greater inhomogeneity.

It could be assumed, therefore, that friction would increase this continued

thinning.

No matter how large and hov inhomogeneous deformation may be, slid-

ing must prevail over the whole contact area; therefore, new surfaces are

generated uniformly along the whole contact length. Since reductions may

reach 50% per draw, up to half of the surface will be new.

Inhomogeneous deformation may have a number of side effects. In

milder forms, residual stresses remain in the bar and tensile stresses in

the surface layers may cause cracking when the bar is exposed to corrosion.

The magnitude of these residual stresses is obviously influenced by friction

through its effect on inhomogeneity, althougi, no detailed analysis of the

situation appears to have been made.

More important from the point of view of the immediate success of the

process is the occurrence of center bursts (cup and cone fracture) in the

drawn wire or strip. Qualitatively, this phenomenon may be understood if

inhomogeneous deformation is considered, with die geometries yielding

high h/L ratios. Since the surfaces are more heavily deformed than the
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ceatral portions, secondary tensile stresses are generated at the center in

t.ie axial direction. If these stresses are large enough (usually as a result

of a succession of small passes with steep draw angles), separation of the

material occurs in the center [38]. Since friction increases the inhomo-

geneity of deformation, it could be expected that, for the same die geometry

and reductions, center burst is more likely to occur in a poorly lubricated

die. An analysis of Avi~zur [2], based on a comparison of power require-

ments with and without central burst, predicts such tendency; however, it

does not account for the variations due to the basic ductility of the workpiece

material. A complete analysis of the problem is not available yet.

2.35 Heat Generation

Sensible heat in the wire results from the heat due to deformation and

surface friction, less the heat lost to the die and the environment. Compared

to rolling, the situation is rather simple because a thermal equilibrium is

soon reached in the die. Since lubricants may break down if exposed to a

higher temperature for a prolonged time, knowledge of the actual interface

temperature would be desirable.

Surface temperatures may be estimated from simplified analyses of heat

flow, such as has been produced by Siebel and Kobitzsch [39]. Surface

temperatures may then be suhstantially (often 200-300°C) higher than core

temperatures (Fig. 2.9). For an actual cilculation of the maximum

I- IT

i/t (a)

b AMBIN

TEMPERATURE
DIE INLET o , ?Ir LET

CE.rER LINE
OF WIRE - 4

Fig. 2.9. Temperature distribution (a) along the wire and (b) across

the wire {39J.
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temperature rise, it is necessary to know die tomljeratures [401 and heat

lost to the drums and the coolant. A more detailed discussion of the theoreti-

cal and experimental aspects of wire temperatures may be found in Wistreich

[30]. Because of the rather high heat conductivity of all metals, temperature

equalizes rapidly, and uniform temperatures are attained as close as 1 in.

from the die exit point. Therefore, unless the true interface temperature

can be measured in the die, the effect of friction can be Judged only from the

bulk temperaure of the wire which will, of course, increase with increasing

friction.

2.36 Process Limitations

Becsuse the force required to deform the wire is supplied by the pull on

the deformed product, an obvious limitation exists. If the drawing stress

exceeds the strength of the deformed wire, tensile separation occurs. The

maximum allowable reduction is readily obtained from the equations of draw

force by equating the draw force with the strength of the drawn wire. Assum-

ing no strain hardening, a maximum reduction of 63% wculd be possible in the

absence of friction. With increasing friction, the maximum possible reduc-

tion drops, unless it is counter-balanced by strain hardening. Any predic-

tion of the maximum reduction allowable in the presence of friction will, of

course, be dependent on the particular draw force equation accepted as

valid. As an example, maximum reductions are given aj a function of the

die half-angle a and the friction coefficient p according to Avitzur in Fig. 2. 10

for a non-strain-hardening material. In practice, dynamic effects such as

occur on starting the draw bench or draw block, as well as accidental varia-

tions in workpiece surface quality and in friction, hold feasible reductions

below the maximum values. Reductions of 45-50% are regularly obtained

with materials that show little adhesion against the die material wnd, there-

fore, devekp relatively constant draw forces.

Center bursts represent a very practical process limitation and, as

discussed in Section 2.34, are also influenced by frictlon.

2.4 EXTRUSION

As a matter of convenience, extrusion is most often regarded as a

steady-state process in plasticity theory. This is only approximately valid.

In reality, all extrusion billets have a definite and aometimeo rather short
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Fig. 2.10. The effect of friction and die angle on the maximum

reduction in wire drawing [2].

length. Forces build up gradually in the beginning until plastic flow is initi-

ated; thereafter, pressures, sliding velocities, and deformation patterns be.-

come stable for a considerable portion of the stroke, until the press is

stopped or the tail end of the billet is extruded. At this point, lubrication

conditions are bound to change. When the next billet is introduced into the

container, friction may again be affected by lubricant residues from the

previous extrusion. For this reason, extrusion is best regarded as a batch

process as far as lubrication if concerned.

2.41 Definitions

In practi,•al applications, the billet is almost always round, and it is

extrudee through an orifice (die) into a round bar, tube, or a section of often

very complex cross-section. Sometimes, extrusion proceeds through sev-

eral dies, causing substantial complications in material flow and sliding

conditions; this special Case is best Ignored here. Extrusion is carried out

on a hydraulic or mech,.iical press. The billet is placed in a (usually) sta-

tionary container apv• Is pushe,. through the die with a punch a'tached to the

press ram. A follower block is placed between the billet and the punch in

hot eci'usion to protect the punch from excessive heat.



2. FRICTION EFFECTS IN METALWORKING PROCESSES 49

Restricting our discussion to the extrusion of bars and tubes of circular

cross-section, deformation may be characterized by reduction in area as in

Eq. 2.23, although the extrusion ratio RE

RE = AI/A 2  (2.34)

is preferred because of the larg-e reductions normally encountered.

In forward or direct extrusion (Fig. 2. 11 a, b, and c) the press ram

moves in the samz : iection as the extruded product, while they move In

opposite dire: ns in Indirect (re% erse, inverted) extrusion (Fig. 2. lid and

e). A special technique uses no ram; instead, a hydraulic fluid pushes out

the billet (hydrostatic extrusion, Fig. 2. 11f). Occasionally, the term impact

extrusion is applied to extrusion carried out on mechanical presses. This

designation has no real physical significance; the process itself remains

either direct or reverse extrusion. Some parts are produced by a combina-

tion of direct ana reverse extrusion, in a single press stroke, using a suit-

ably shaped die.

Extrusion of a flat bar through a container of infinite width (plane-

strain extrusion) is never practiced but is important theoretically because

it permits attempts at exact solutions of the stress, strain, and velocity

C d

e "f

Fig. 2. iL. Basic forms of extrusion [731.
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fields. Experiments are sometimes performed that purport to be in plane

strain; for obvious practical reasons, the width of the container must be
limited and the assumption of plane strairn becomes valid only if friction

on the side walls can be neglected.

2.42 Velocity Distribution

For practical purposes, only two states cf sliding may be permitted in
extrusion: complete sliding or--primarily for extrusion of aluminum-

complete sticking. Intermediate states lead to the development of surface or
subsurface defects.

In direct extrusion, sliding along the container wall as well as on the
die face is possible in a square die ýIncluded angle 1800) only if friction is

zero or at least very small (Fig. 2.12a). As soon as friction assumes an

appreciable value, sliding may be still maintained along the container wall,
but a dead metal zone builds up in the corners of the die and the material
shears along this face. In the presence of a lubricant, the material may

continue to extrude over this self-generated die surface, but surface and

/ \ ]'\ ..-_...V2 VI

Sv 2  V2

U IH

- U7

0. b

Fi,. 2. 12. Sliding veloci ies and interface pressures in direct extrus-
sion with (a) sliding friction an I (b) sticking friction "1S).
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subsurface defects are likely to occur on the extruded product. The effec-

tve angle occupied by the dead zone (the complementary angle to the effective

die angle) increases with increasing friction and with diminishing reduction;

the undesirable side effects of dead zone formation in lubricated metal flow

may be avoided if the die is originally made to the appropriate angle. Sliding

will then takz place over the whole die surface even in the presence of

measurable friction. When a glass pad is used as a lubricant in hot extru-

sion, it gradually melts away to form a die of optimum shape.

As soon as the force required to move the workpiece on the container

surface exceeds that of the sh-ýPr :.trength of the workpiece material, stick-

ing friction predominates and deformation proceeds by shear in the bulk of

the workpiece (Fig. 2.12b). Because sticicing is complete on the die and

container wall, a dead metal zone of maximum angle forms, and this angle

is a function of the reduction ratio. As a reasonable approximation, the

included die angle may be taken as 900; theoretical solutions for the angle

of the dead metal zone may be obtained from slip-line fields for plane-

strain [41] or from upper bound solutions [2] for axial symmetry.

B.cause of the typically large extrusion ratios, acceleratiwn of the

workpiece material is great and sliding velocities reach a multiple of the

ram velocity in the parallel portion of the die (the die land). Ram speeds are

typically of the order of a few inches per minute for hot-short light metals

and copper-base alloys, and may range up to 1000 ipm on pure metals,

steel, and some refractory metal alloys. Extrusion ratios may be as high

as 400:1 on lignt metals but seldom exceed 40:1 on steel; therefore, sliding

velocities in the die land (the velocities of the extruded product) are typ-

ically of the order of 100 to 1000 fpm but may be restricted to as low as 10

fpm with hot-short materiils.

An additional frictibnal surface is created in tube extrusion between the

mandrel and the billet material. The direction of movement and the rela-

tive sliding speeds are the same as on the outside surface, at least in the

zone of the die land; farther back, relative sliding may very soon decrease

and sticking may prevail, expecially if the mandrel 's fixed to the punch.

T1.4s could, however, result in sevare damage to the mandrel; therefore,

-ticking is avoided by the aDplication of a lubricant, particularly when ex-

trusion te!mperatures are high. A special situation arises in extruding

hollow products with a bridge (port'aole) die (Fig. 2. 11c). The :,,!low is
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formed by an insert that is held against the die face with bridges. The billet

material is forced to part around these bridges only to be reumited under

pressure in the exit zone. Obviously, the presence of any lubricant would

pre7ent rewelding of the workpiece material; therefore, this type of extru-

sion must always be conducted dry.

Friction along the container wall is eliminated in indirect extrusion, and

relative sliding is restricted to the die surface, at least for the geometry

shown in Fig. 2. lid. Extrusion of cups and collapsible tubes is also a reverse

extrusion process (Fig. 2. lie), but the material replaced by the punch now

streams along both the container and punch surfaces. Friction over the

large extruded surface could easily limit the process were not precautions

taken to minimize friction by reducing the length of the container wall as well as

reducing the diameter of the punch after forming a land of minimum prac-

ticable len 14. )ntact with the container is completely elimina.ted in hydro-

static extrusion (F' . 2. iif), and friction is limited to the interface between

the billet san the die Velocity changes are similar to those experienced in

direct extrusion ir. tapered dies (Fig. 2. 12a).

2.43 Stress Distribution

In addition to the general references on metalvorking theory, extensive

treatments of the extrusion process exist (Johnson and Kudo [41], Bishop

[421, Alexander [43], and Pearson and Parkins [44]). Theoretical treatments

generally regard extrusion as a steady-state process, although tail effects

have been considered [2, 41]. Some analogies with wire drawing may be

utilized, if it is duly recognized that the workpiece is now pushed rather than

pulled and that an additional contact surface exists along the container wall.

Plasticity theory can provide solutions only ior plane strain, but a great

number of satisfactory technclogical solutions exist, and conclusions reached

from plane-strain solutions may also be applied, at least qualitatively, to

axial symmetry. Agreement is often quantitative, especiaily at higher re-

ductlons, if the processes are compared for the same reduction in area, thus

allownag for the larger redundant work in axial symmetry. While slip-line

fiel- solutions can be derived only for plane-strain, upper bound solutibns

(reeanty reviewed by Pierce 1451) also apply to the axially symmetrical

practical case, and some attempts have also been made to extend slip-line

field solutions to axial symmetry 1101.
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In considering the forces generated in extrusion, analytical solutions

indicated in wire drawing are of only limited applicability because die angles

are large, friction has a marked effect on die pressure, and redundant work

aasumeE significant proportions. On the whole, it ii greatly preferable to

calculate forces and pressures from slip-line field or upper bound solutions.

All of them lead to equations that can be represented in a sainplified form

similar to that found empirically

p=a I (a + b ln RE) +ci (2.35)

In this equation, the parenthetical term includes the forces required to over-

come the energy of uniform deformation, redundant work, and die face fric-

tion. The constants a and b may be calculated [2] or determined from

experiments; reported values cover a rather wide range, from 0,47 to 1. 27

for a and from 0. 83 to 1. 55 for b. One of the favored combinations is

a = 0.47 and b = 1.2, suggested by Hirst and TUrsell [46] for lubricated hot

extrusion with square dies.

Although not immediately obvious from Eq. 2. 35, an optimum cLe angle

may be found for extrusion just as for wire drawing. Again, sma1 ler die

angles would increase the homogeneity of deformation but increase the ric-

tional force because of the larger w.ontacl. area. Conversely, a larger die

angle reduces the frictional component but redundant work becomes larger

and an optimum is found, increniing wiih inc'easing irictiorn and extrusion

ratio. The effect is significant in cold extrusion but is easily overshadowed

by uncontrollable heating and cooling effects in hot extrusion. Numerical

solutions for optimum die angles have been reviewed by Pierce [45]. It

.ho1ud he noted, though, that low angles increase the hoop stresse3 in the

dies and also incrcase the size of the discard, unless the extrusion is pushed

through with a detormable follower block (e.g., a graphite block in hot

extrusion).

Much more important for this discussior is the contribution of container

friction. This must ub~iouslý b,. a fanctln c- the L*lkit legtit aid is,

therefore, in a general form expressed as cl in Eq. 2. 35. The effect of con-

tainer friction may be considered qua,,rftatively 146] by assuming a hydrostatic

pressure distribution at all points of a transverse 9larne r.•ak,Ad 'n 'ig. '.. 1,,.

The equilibrium oi t horizontal forces acting on the volume elc.en, yields

p d2 1dpi -'J - d -opi rr(D +÷di• '2.36•)
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Fig. 2.13. The effect of friction in extrusion [46].

where pk is the pressure at a distance I from the die face. Rearranging

dp• •pe = 4tdl (D - d) (2.37)

since pi = p at• 0, integration yields

p =/p exp 4p2/(D - d) (2.38)

choosing appropriate values for a and b, Eq. 2.35 may be written as

P, =am (a + b in RE) exp (44/(D - d)] (2.39)

If there is no relatIve motion between the billet and mandrel surface (and

also in the extrusion of bars), the (D - d) term reduces to D.

We have already mentioned that because of the large extrusion ratios,

interface j.ressurcs may be a multiple of the uniaxiJ yield stress, therefore,

the u&e of a friction coefficient may be rather misleading. It is preferable

[2, 47] to adopt the concept of a constant interface shear strength ri. Equa-

tion 2.39 would then take the following form:

p am(a+b InRE) +4r i/(D - d) (2.40)

For investigations into the effect 3f frictilon, it is only necessary to know

the extrusion force at two points during the extrusion stroke. This informa-

tion is readily derived from plots or autographic recordings of extrusion

force vs. stroke (Fig. 2.14). With no container friction, the force is

constant (broken line) uzitil it begins to rise towards the end of the stroke

where the butt is fermed. With container friction, an initiai high pressure

(often called the breakthrough pressure) is registere.,d, which then gradually

falls off as the length of the billet is reduced. When te container is colder
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-- BILLET LENGTH

Fig. 2.14. Variation of extrusion force with billet length without

(broken line) and with (solid line) container friction.

than the billet in hot extrusion, the extrusion force may rise towards the

end of the stroke because of cooling, and the effect of friction cannot be

separated. An interpretation in frictional terms would be, clearly, quite

meaningless since a zero or even negative coefficient of friction or shear

stress would have to be assumed.

2.44 Strain Distribution

V have already pointed out that even though the mechanistic view of

extrusion is based on the concept of a steady-state process, this is strictly

true only for an interim period. To begin with, the billet is upset until it

fills the container (and, unless the nose is preshaped, until the die is filled),

then the extruded product begins to form. At this stage, deformation is

relatively moderate. Further material flow depends on friction, and a class-

ification of the flow types according to Pearson [44] has become widely ac-

cepted (Fig. 2.15). Type A flow is typical of minimum wall frictiori and of

reverse extrusion and results in relatively undistorted grid lines in the ex-

trusion (Fig. 2. 15a and d). Increasing container friction in type B flow is

evidenced by the distortion of grid lines in the container and by the develop-

ment of a dead zone (Fig. 2. 15b). Type C flow is usually associated with

high wall friction and cooling of the outer faces, and is most frequently

encountered with heterogeneous materials (Fig. 2.15c).

Since deformation proceeds through shear in the material when sticking

frictiun prevails, the surface of the extruded product will be all new. The
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(a) ()(c) (d)

Fig. 2.15. Characteristic types of material flow in extrusion [44, 73].

extrusion surface is partly old, partly new in perfectly lubric~ated extrusion.

While the cross-sectional area of the extrusion decreases as the square of

the radius, the surface increases with the first power of the radius. Thus,
in the extrusion of a billet to one quarter of its original diameter, the ex-

trusion ratio is 16, the surface increases fourfold, and 3/4 of the final sur-

face is new. From a lubrication point of view, the container and the die

present very different problems: +.41e lubricant needs only to protect the

origuiaLl surface of the container, but it must be capable of accommodating

the increasing billet surface against the die.

Toward the end of the stroke, the back face of the extrusion develops a

crater (pipe) which may collect lubricant, lubricant residues, or oxides.

Trimming off this defect entails a l055 in valuable material and, thus, in
economy. With greater container and die friction, inhomogen--ity and

material loss incurred also increase, although friction at the back face of

the billet counteracts the tendency to pipe formation.

Nonuniform material flow also means that internal stresses acting in

the axial direction are set up in the extruded product. The cupping defect

(central bu.rst) sometimes observed in the center of cold extruded products

is closely related to the same defect in wire drawing and is associated with

secondary tensile stresses developed in sections extruded at an extrusion

ratio of less thari 4:1 1481. The surface cracking experienced in hot
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extrusion (also called speed cracking) is most probably associated with

overheating of the surface into the temperature regime of hot-shortness,

combined with tensile stresses generated through friction and cooling. The

probability of these f-•'c defects occurring is less with increasing homo-

geneity of deformation. Wilcox and Whitton [49] attribute a defect of similar

appearance (fir tree effect) in cold extrusion to the simultaneous occurrence

of slip on the die face and sticking in the land. If lubrication is not uniform

all around, the extruded section bends toward the poorly lubricated side and

may crack on subsequent straightening. Nonuniform friction may also lead

to unfilled portions in the extruded section. An exact analysis of these con-

ditions is still lacking, even for simple rounds. Knowledge is everl more

limited for the extrusion of sections, in which material flow may become

very complex and the substantial extension of the original surface may com-

pound lubrication difficulties.

2.45 Heat Generation

Large deformations, often combined with sticking friction, can lead to

msbstantial temperature rise in the extruded product. In consequence, the

actual interface temperature may be much higher than the initial state would

suggest. A rather sophisticated treatment based on slip-lino field analysis

has been developed by Bishop [50] which allows for conduction of heat back

in the undeformed portion of the billet. An approximation to the bulk tem-

perature rise may be obtained by converting the work done during extrusion

into the equivalent heat. Since work done is proportional to the forces as

expressed by Eqs. 2.39 and 2.40, greater friction also means more heat

generation. This in turn may set a limit to the m!Lximum allowable reduction

as discussed below.

2.46 Process Limitations

In principle, any extrusion ratio could be attained since, at extrusion

ratios over 4:1, all forces are compressive. In practice, however, the

strength of containers, dies, and punches is limited by the capabilities of

available engineering materials and by constructional features. Thus, punch

pressures seldom exceed 180, 000 psi in hot exirusion and a very careful

choice of container- and die materials and of de;J~gns is needed if cold ex-

trusion pressures are to exceed 300, 000 psi. A limited extrusion pressure
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then means also a limit on the attainable extxr -io. With increasing

friction, the extrusion force rises; consequently, extrusion ratio drops. In

this respect, the limiting factor ýs the peak (breakthrough) pressure regis-

tered at the beginning of the stroke (Fig. 2. 14).

Another limitation of the process is often noted in hot extrusion. We

have already mentioned that extrusion at temperatures that fallwithin the hot-

shortness range of the workpiece material results in circumferential cracks.

All factors that iend to raise the temperatu -e of the extruded product repre-

sent a limitation in this sense. A minimum starting temperature is usually

required to limit the maximum forces and also assure that cold cracking of

the material does not occur. The temperature rise due to friction and defor-

mation work must than be kept low enough not to heat the emerging product

into the danger zone. Hirst and Ursell [46] derived a formula for the lubri-

cated extrusion of materials, giving the temperature rise T - TO for adiabatic

extrusion (an infinite extrusion speed) as

3. 7am m(0. 47 + 1.2 In RE) exp(4- 1)
T - To 4D (2.41)

where p is specific gravity and c is specifc heat. For a given friction, the

maximum allowable reduction ratio may then be determined provided that the

yield strength of the material is sufficiently well known for the appropriate

temperatures and strain rates, and the increase of forces on breakthrough

can be estimated.

2.5 FORGING

Forging, even in its simplest forms, is a batch process both from the

mechanical and frictional point of view. Steady-state conditions are never

achieved, and the lubricant is always exposed to a pressure-temperature-

velocity combination that changes continuously while a given workpiece is

being deformed. The roughness of the die surface, determined by thermal-

mechanical history, causes localized wear and may provide points of lubri-

cant entrapment. Lubricant residues and wear or pickup products are con-

tinually changing, although a semblance of an equilibrium may be obtained

through careful control. The absence of a steady-state situation, conmbinea

with the generally high forming temperatures, may account for the great
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difficulties encountered in a systematic analysis of this process, despite its

often deceptive simplicity.

2.51 Definitions

Practical forging operations encompass a great variety of deformation

modes. Most frequently, they are subdivided into open-die and closed-die

forging processes.

In open-die forging the workpiece is formed between two die faces, and it

is free to defcrm in the other two directions. The simple upsetting of a short

cylindrical workpiece (Fig. 2.16) is important both in practice and experi-

ment. The cylinder is compressed on its ends with flat platens that overhang

the workpiece throughout the complete deformation process. A variant of

this, the upsetting of rings (Fig. 2.17), is of particular significance for

investigations of friction. Friction conditions are only slightly different when

the upset workpiece is a rectangular slab.

Deformation becomes substantially different if the workpiece overhangs

the platens, a group of processes commonly referred to aa indentation. The
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Fig. 2. 16. Interface sliding and thc .',iction hill in upsetting a cylindri-

cal workpiece with (a) complete sliding, (b) partial sticking, and (c) full

sticking 1131.
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a. b.

Fig. 2.17. Interface sliding velocities and pressures in ring upsetting

with (a) no friction and (b) sliding friction.

industrially very important process of drawing out (cogging) is usually prac-

ticed on workpieces of rectangular cross-section, employing narr(,w anvils

theft overhang the workpiece only in the lateral direction. The workpiece

thickness is reduced in a succession of indentzations usually beginning from

one end of the billet. From the theoretical and experimental point of view,

more tractable is the technique in which the workpiece is indented away from

the end, so that symmetrical material flew develops (Fig. 2.18). W, _I
anvils and specimens of theoretically infinite width b, the problem reduces to

Fig. 2. 1". Dra'w. ng out (in plane-strain indentation th., width b is large

compared to height h).
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one of plane-strain and becomes amenable to stricter forms of theoretical

analysis.

The degree of deformation is defined in the same way as in rolling

(Eqs. 2.4 to 2.7).

Free lateral deformation of the workpiece material is prevented in

closed-die forging (Fig. 2.19). Excess material is allowed to escape

through a flash gutter; the term "closed-die forging" is, therefore, not

really applicable--"impression die forging" would be preferable. True

closed-die forging is less frequently encountered, and is performed either

in a deep die which is closely sealed by the penetration of the other die half

prior to the begmInnng of deformation, or in complex dies activated by

multiram presses in which the workpiece material is enclosed in the die

before separately activated punches penetrate and deform it. Several com-

prehensive treatments of closed-die forging are available [51-53].

2.52 Velocity Distribution

Interface sliding is governed by friction and may range from complete

sliding to complete sticking. The range of variables is most clearly evident

in the upsetting of cylindrical billets (Fig. 2. 16). With very low frictiod,

the end face of the cylinder expands and sliding occurs in a radial direction

over the entire interface (Fig. 2. 16a). In the center of the billet, a neutral

point with zero relative sliding develops, somewhat analogous to the neutral

line found in rolling (Fig. 2.3). With increasing friction, interface pres-

sures around the center of the end face may reach high enough values to

generate frictional stresses equaling that of the shear strength of the work-

piece material. At this point, sliding ceases and deformation takes place

%

0. b. C.

Fig. 2.19. Sequence of die filling in impression die (closed die) forging.
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by subsurface shear. Sliding is then restricted to a peripheral (annular)

area of the interface (Fig. 2. 16b). In the extreme case, complete sticking

occurs over the end face and relative sliding velocity is nil (Fig. 2.16c).

Wnen a rectangular slab is upset between flat anvils that overhang the

entire slab, the neutral point widens into a neutral line and, in the presence

of sticking friction, thickens into a neutral zone. There is, of course, some

lateral material flow towards the longer side of the billet too. The same

applies to plane-strain indentation, the only difference being that the contact

area remains constant and the billet material now extrudes between the ap-

proaching anvil surfaces; the similarity of this process to rollhick is quite

close. The velocity distribution in the directict of the major fl', is the

same as shown in Fig. 2. 16, and the actual velocity exceeds the anvil ap-

proach velocity by a factor equal to the ratio of anvil breadth to specimen
thickness, L/h, because the volume remains constant.

Ring upsetting is a rather special case. With zero friction at the inter-

fanes, the ring expands as though it were part of a solid disk, and velocities

are radially increasing over the entire surface (Fig. 2. 17a). With increas-

ing friction, some of the materiaLL flow is directed towards the center, the

diameter of the hole decreases, and a circular neutral line-a "neutral

circle"--develops (Fig. 2.17b). The radius of the neutral circle has been

derived from theoretical considerations by a number of authors, including

Kunogi[54], Kudo [55], Hawkyard and Johnson [56], Burgdorf [57], Avitzur

[2], and Van Sant [58]. Some solutions also allow for changes ia friction

during compression, such as could be expected if lubricant breakdown oc-

curred ,,ee also Section 5.25).

Closed-die forging, even in its most simple forms, is too complex to

permit a detailed analysis. It is known, however, from experimental evi-

dence that sticking occurs very early over most of the die impression sur-

face, and sliding is limited to the surface of the flash land. In a simplified

sense, it may be assumed that deformation is limited to a disk-shaped zone

the height of which is equal to the flash gap opening. Deformation proceeds

by shearing in the bulk of the forging and by interface sliding beiveen the

flash land and the flash. The velocity distribut'on is then the same as in

Fig. 2. 16b unless friction is sufficiently high on the flash land facc tL

cause deformation to proceed by subsurface shear even in that zone. Under
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any circumstances, however, sliding veloc:•Ies are of the same order of

magnitude as in simple upsettin&.

Die approach velocities vary over 9 wide range depending un the forging

equipment. Speeds are quite commonly I ips in mechanical cr hydraulic

presses, and may reach as high as 10 ips on the faster unite. In contrast,

speeds oi 20 fpi are typical of hammers and may reach three to five times

this value in so-called high energy rate units. Interface slidiiig velocities

w!ll, corrvspondingly, range frvm zero to up to perhaps ten times the die

closibg velocity, depending on the location from the neutral line. Whenever

sticking friction predominates, interface velocities drop to zero, of course,

Irrespective of the die closing velocity.

2.53 Stress Distribution

Open-die forging operations, especially upsetting and plane-strain com-

pression, have attracted substantial theoretical affort. Partial reviews of

the subject have been given by Vater and Nebe [59] aad Lange [60]. Although

no strictly valid solutions exist, some of the approximations are c 'se

enough to be useful for estimating the effect of friction.

In upsetting, the stress distribution is uniform and the stress is equal

to the uniaxial (compressive) yield strength of the workpiece material in the

absence of friction (Fig. 2 _6a,. As soon as friction over the interface

reaches a measurable value, the force required to overcome this friction

raises the interface pressure, just as it does in rolling. Correspondingly,

a fricti,.n hill develops which is describcd by an exponential function aad

which, therefore, is sharply peaked when sliding friction prevails over the

whole surface (broken lines in Fig. 2. 16a). When stiLding sets in arcund

the neutral point, the interface pressure actually drops and, if the interface

shear stress is assumed to be constant, pressure increases along a straight

line 4solid lines, Fig. 2. 16b and c). Direct measurements ehow a rounding-

off of the peak (broken lines in Fl.g. 2. l6b and c), and this would indicate

that theoretical analyses whiCh assume the interface shea- atress to drop

tow-oards the neutral point may be more relevant [5, 12j.

Many theoretical solutions exist, most of them based on a similar set

of simplifying assumptions. Of several solutions that take into account

partial and full sticking at the interface, thrt due to Schroeder 9An Webster

161] has been fr_ýtpently used for bstudies in friction. While tt.- pree:are
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distribution may be readily calculated from these analyses, of greater prac-

tical importance is the effect of frictior, on the average interface pressure p..

The results are most readily presented in graphs (Fig. 2.20) which show that

the average pressure p can easily reach a multiple of the uniaxial or plane-

strain yield 6trength, especially on relatively squat specimens (large R/h

or L/h ratio). This accounts for the great difficulties experienced in pro-

ducing relatively thin webs. A remarkable feature of these curves is that

interface pressures may be kept at reasonably low values only with very low

friction coefficients. In fact, for a constant R/h or L/h ratio, average die

pressures hardly change from u = 0. 2 to full sticking. It is worth remem-

bering, aq Bishop [621 pointed out, that the forging load is proportionate to

the fifth power of the radius when upsetting a workpiece with complete stick-

ing. Some of this increase comes, of course, from the increasing contact

area (which is proportional to the square of the radius), but most of it is

attributable to the effect of friction.

Pressure distributions and mean interface pressures can also be

calculated for ring compression, as proposed by the authors cited in Section

2.52. However, the main attraction of ring upsetting as a test method is that

friction may be determined simply from shape changes; therefore, formulae

for forces find little practical use.

In the absence of friction, the interface pressure in plane-strain inden-

tation Is equal to the constrained yield strength or 1. 15 ao according to the

von Mises yield criterion a: long as the workpiece thickness h is less than

_____ /A_ MO.4  
, LFZ

pO0B

0 5 0 15 20 25 30 40 0 5 10 15 20 25 30 3S 40
R/h A /2h

(a) (b.)

Fig. 2.20. Variation of interface pressure with aspect ratio and friction

in the upsetting of (a) cylindrical workpieces between overhanging plateuns 16)]

and (b) reetangilar wor!•eces in plane strain (after ref, 50).
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the breadth of the anvil L. Green [63] has shown from slip-line field solu-

tions that increases in Interface pressures up to 4% occur when the ratio of

L/h is not an integer, but the effect is small enough to be ignored here.

However, of importance is the restraint exerted by the nondeformed portion

of the workpiece material whenever the workpiece is thicker than the width

of the anvil. Slip-line solutions by Prandtl [64] and Hill [6] both yield the

curve shown in Fig. 2.21. Accordingly, interface pressures rise gradually

with increasing h/L ratios to a limiting value of 2.57 times the constrained

yield stress. It will be recognized that this is the same effect as obtained

in rolling or drawing out with a large h/L ratio. In all instances, an in-

creasing ratio of workpiece thickness to contact length represents an in-

creasingly inhomogeneous deformation, caused by the diminishtng interpene-

tration of the delormation zones. The resulting rise in interface pressures

is not to be confused with friction effects. The effect of friction becomes

important in plane-strain compression only with h/L ratios of less than 1.

Alexander [65] produced both a slip-line field and an approximate solution,

which lead to the curves shown in Fig. 2.22a for L/h ratios of 3 and 7. The

coefficient of friction can then be readily determined from the average inter-

face pressures measured at these L/h ratios (Fig. 2.22b).

Theoretical solutions exist only for the simplest gnometries in closed-

die forging and, as indicated in Section 2.52, most are based on the assump-

tion of the extrusion of a flash, with shearing taking place in the bulk of the

workpiece. Correspondingly, a friction coefficient enters into the solutions

of Geleji [51 and Kobayashi and Thomsen [11], but the complexity of the

deformaticn mode makes it unlikely that friction effects could be readily

separated from observed forces.

20

IC'"

05-

I 2 3 4 5 6 7 8 9 10
h / L

Fig. 2.21. Increase in die pressure caused by the restraint of non-

deforming material in plane-strain indentation with a narrow anvil [(,.
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Fig. 2.22. The effect of friction on die pressure in plane-strain

compression (a) and determination of a coefficient of friction from indenta-

tion with two anvil widths (b) [65],

2.54 Strain Distr!bution

Uniformity of strain distribution has probably been most exhaustively

investigated in the simple upsetting of cylindrical workpieces (Fig. 2.16). In

the absence of friction the cylindrical shape is retained, deformation is com-

pletely homogeneous, end faces expand, and new surfaces form. In most

practical instances, friction is unavoidable and retardation of material flow

at the end faces results in a barreling of the specimen. As soon as sticking

is attained near the center, expansion of the end face and generation of new

surfaces is limited to the annular sliding zone. Complete sticking is most

frequently encountered with dry friction, and it has been customary to as-

sume that subsurface flow Is responsible for deformation in such instances.

"This would imply that new surfaces are continually generated by the material

that is extruded from the neighborhood of the sticking zone. Experimental

evidence indicates, however, that the end faces increase actually by folding

over the original side surfaces against the die (Fig. 9. 2). Even though the

barrel shape thus developed bears a superficial similarity to that obtained

with partially sliding friction, defcrrnat!or Ltcmes highly inhoinogeneous,

and new surfaces are very small. ThiM also means thUt the assumptions

underlying most theoretical solutions regarding interface pressures lose their

validity, and the results cannot be analyzed conveniently. Friction also
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affects the deformation pattern in ring upsetting (Fig. 2.17). The outer

surface is always convex, but the inner surface may be concave with low

friction and convex with high friction.

Material flow tends to be sensitive to friction in plane-strain compression

too, with material extruding from the central plane of the workpiece at a

greater rate thln from near the anvil surface. Again, material flow re-

sembles that found in rolling, and spread in the lateral direction is also

observed [18J. spread assumes significant proportions if the workpiece is

too narrow relative to its thickness to assure a close enough approximation

to plane-strain conditions. This is typical of drawing out, where the width

and height of the workpiece is rather similar. As in rolling, spread in-

creases with increasing friction, but no quantitative work appears to have

been done on this subject.

Deformation is highly nouuniform in closed-die forging; as mentioned

earlier, most of the material movement is restricted to the zone of flash

formation.

2.55 Heat Generation

As in all other bulk deformation processes, the work of forging is

transformed tato heat, some of which is retained in the workjAece, while

some of it is lost to the surrounding atmosphere or to the dies. Friction at

the interfaces is a further source of heat. While the expected temperature

rise could no doubt be analyzed along similar lines as in extrusion (Section

2.45), detailed examinations of the problem are scarce, probably because

the process never attains a steady-state condition.

The absence of theoretical interest may be attributable partly to the fact

that a knowledge of temperatures is less critical, because the die surfaces

unually have an opportunity to cool between forging successive pieces, and

the forging itself is seldom subjected to high enough total strains to cause

hot-shortness on account of heat generation, unless the forging temperature

range is very narrow. The preseace of beat must be recognized, though,

because even cold working dies will reach 100' to 200'C and, correspond-

ingly, the lubricants will be subjected to at least these temperatures. While

the interface temperature must be higher, it is not likely to exceed or even

reach the temperature of the workplece in hot forging. Isothermal forging,

in which the die and workpiece are at the same temperature, is aa
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exception, of course, but because of the relatively small sliding velocities,

it is still unlikely that average interface temperatures would rise consider-

ably beyeod the workplece temperature.

2.56 Process Limitations

We have seen in conjunction vith Figure 2.20 that interface pressures

rise very rapidly with increasing ratiok. of workplece width to workpiece

thickness, especially with high friction values. With many workpiece ma-

terials, pressures may be high enough to cause int'entation of overhanging

forging dies, or the total loads may be so high aa to make. forging uneconomi-

cal or impossible on armdlable equipmont.

Friction can also limit deformation through i*ts irlluence on the bomo-

geneity of deformation. Barreling in the upsetting of cylinderF generates

tangential (circumferential) secondary tensile stresses, which may lead to

cracking in materials of moderate ductility. Combined with the temperature

rise caused by the work of deformation, cracking may be particularly severe

in the hot forging of materials with narrow working temperature ranges. The

incidence of cracking may then be avoidcd by the use of lubricants that ef-

fectively lower friction.

The economy of the process is often limited bl the rapid deterioration

of dies. Although wear is a process distinct from friction, friction can

contribute to rapid die wear by opening up and propagating thermal fatigue

cracks.

2.6 SHEET METAL WORKING PROCESSES

Most sheet metal working operations are characterized by a gradual

development of shape and are, essentially, non-steady-state processes. In

common with forging, interface pressures, temperatures, and sliding

velocities vary continually. However, a closer approach to an equilibrium

lubrication system is more readily attained, mainly because deformation is

usually carried out at or close to room temperature.

A great number of pibllcations are available on the practical aspects of

sheet metal working, but only a few books [66-68] discuss theory and its

implications for practice.
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2. 61 Definitions

Of the rather bewildering variety of sheet metal working processes, only

a few are significantly affected by friction.

Shearing or blanking is one of the most common processes, because it

usually precedes other defarming methods. However, lubrication plays a

subordinate role bercause the part is cut by shearing between the die and the

punch, arid the lubricant does not enter into the process of separation to a

marked degree. Theoretical background to indicate possible lubricant ef-

fects is missing and lubricants, if applied, serve primarily to reduce wear

and die pickup, although the principles applying to metal cutting and discussed

in detail by Rowe [69] way well have relevance.

Similarly, bending is a widespread forming method, with friction again

playing a rather secondary role. In some instances, friction does control

the distribution of stresses and strains; however, theoretical fundamentals

are rather limited and usually pertain to situations more typical of deep

drawing.

For the purpose of this discussion deep drawing is the most important

deformation technique. Emphasis will be on the forming of parts from

circular blanks; however, the principles discussed can be applied with some

difficulties to other shapes. Relatively thick sheet may be transformed into

a cylindrical vessel with a simple cupping operation (Fig. 2.23a). Drawing

with a blankholder is more commonly used, especially for the forming of

thinner sheet when there is danger of wrinkling in an unsupported, partially

drawn flange (Fig. 2. 23b). The diameter of the cup can be further reduced

and its depth increased by redrawing (Fig. 2.23c) without a significant

change in wall thickness, or it may be ironed (Fig. 2.23d) for reducing the

--;,alb, without changing the initial diameter. Reverse redraw (Fig. 2. 23e) is

sc-mtimes used for deeper draws.

(a) . b2 W3. (d) sio

Fig. 2.23. Basic sheet drawing operations [73).
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In cupping and in drawing with a blankholder it is usual to refer to a

reduction as defined by the reduction between initial blank diameter D and the

diameter of the punch d

r( D-d)/D or r%=100 (D-d)/D (2.42)

Alternatively, the ratio of blank to punch diameter is expressed as a draw

ratio:

Draw ratio = D/d (2.43)

The percentage reduction in diameter is usually given for redrawing and the

reduction in area (Eq. 2.23 or 2.24) for ironing.

Redrawing and ironing are closely related to the drawing of tubes over a

bar, which has been dealt with in Section 2. 3. Because of its practical im-

portance, drawing with a blankholder will be discussed in more detail. Draw-

ing with a flat-bottomed punch is probably the most widespread, but drawing

performed with a hemispherically ended punch is also of importance for test

purposes and, by analogy, in the drawing of curved shapes. In the latter

case, the punch first contacts the blank at a single (central) point, and

deformation begins by stretching. This situation occurs in many practical

drawing tasks-for eýample, in the production of automobile body parels.

The amount of stretch to which the material is subjected depends, among

other variables, on the restfiaint provided by the blankholder. Often it is

desirable to increase the restraint by incorporating draw-beads in the mating

blankholder and die surfaces, on which the sheet must bend and unbend

before it can be pulled into the draw gap.

With the sheet edges completely clamped, pure stretching is obtained;

this is the principle of specially built stretch forming machines (Fig. 2.24a).

Li

(C) (b)

Fig. 2.24, Sheet metal deformation by (a) stretching and (b) spinning

t73iiJ
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The punch Is zreplaced by a fluid in hydraulic bulging. Parts of rotational

symmetry may b'e produced by the process of spinning (FIg, 2. 24b), which

entails a special form of bending and compression. Although friction is by

no means a negligible factor, it has not been subject of a systematic i' duiry

and will not be considered further here.

2.62 Velocity Distribution

Sliding velocities between the blank and the various parts of the deep

drawing tooling are highly variable and a qualitative picture of the v•ariations

may be obtained from Fig. 2.25b. Relative sliding over the punch Is mini-

mum, since the sheet is essentially folded onto it. The vertical walls of

the partly formed cup slide at a speed equal to the draw velocity v over the

cylindrical pordon of the die surface. Sliding speed gradually diminishes

around the draw die radius and in the undeformed part of the flange. While

all parts of the flange move in a radial direction towards the center of the

punch, the flange cihcumference is also continuously reduced, leading to a

circumferential compressive deformation. Consequently, relative sliding

between the blank and the die must gradually decrease towards the edge of

the blank. The same sliding velocities are, of covrse, attained between the

blankholder and the upper surface of the blank.

Since drawing is usually performed on hydraulic or mechanical presses,

drawing speeds are relatively modest (of the order of i to 10 ips); the maxi-

mum interface sliding velocities must be of the same order of magnitude.

In drawing with a hemispherical punch, contact with the vertical surfaces

of the draw die is established only after the hemispherical punch has pene-

trated the sheet. Sliding over the rMch face is scmewhat greater than in

drawing with a flat-bottomed punch; however, the velocities axe still very

small.

2. 63 Stress Distribution

Deep drawing with a flat-bottomed punch may be visualized as a sequence

of a number of separate events. First, the sheet is bent around the radius

of the punch. Adjacent annular zones are then bent around the die radius,

and unbent again to form the vertical wall of the cup. Material around the

die draw radius and in the undeformed flange is circumferentially com-

pressed. Plastic buckling (wrinkling) of the flange occurs if the blankholder
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pressure is not high enough. Obviously friction plays a significant, but

quantitatively complex role at all interfaces where relative sliding takes

place. Some theoretical approximations of the forces developed in deep

drawing are available (for example, by Geleji [5], Chung and Swift [70], and

Fuklm [71]; reviews of some of the theories may be found in Alexander [72]).

While the effect of friction Is usually incorporated into theoretical solutions,

quantitative treatments have little to offer from our standpoint, because

the various components of the friction contribution are difficult to separate.

It should suffice here to consider interface friction on a qualitative baais,

with reference to Fig. 2.25a.

Initially, the flat end of the punch carries the total drawing load. As the

cup begins to form around the punchk radius, friction over this interface helps

to support the drawing load the same way as it does in drawing a tube over a

bar (Fq. 2.33). Because unbending of the previously bent walls occurs be-

tween the cylindrical land of the die and the punch, interface pressures may

be expected to reach moderately high values at the appropriate places,

marked in Fig. 2.25a. Highest pressures are likely to occur around the diaw

radius. Pressures on the partially formed flange are usually relatively low,

as determined by the blankholder pressure; they are likely to increase toward

the edge of the flange, because circumferential compression thickens this

section and the blankholder load will be concentrated there. From an inspec-

tion of part-drawn cups it would appear that the blankholder pressure reaches

the yield strength of the sheet material only in the outermost parts of the

fleage.
P

"P

Pr
0. b.

Mig. 2.25. Deep drawving with blankholder: (a) variation of interface

pressures and (b) relative sliding vellwiltics.'1
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It is obvious from this qualitative assessment that the drawing force

always decreases with decreasing blankholder and die friction. This is of

great importance since tensile stresses acting in the cup walls set a limit to

drawing.

In drawing with a hemispherical punch, drawing proceeds initially by

stretching the sheet in a biaxial stress system. Maximum tensile stresses

are produced in the hemispherical part, or at the transition to the cylin-

drical wall. Interface pressures reach highest values over the punch nose

and over the draw radius. Variation of stresses under the blankholder are

the same as in drawing with a fiat-bottomed piurh.

2.64 Strain Distribution

Since the drawing force is initially supported i. the base of the cup,

tensile stresses are generated in the area around the punch rsilus and in

the initially drawn cup wall. Consequently, thinning of the sheet occurs, and

if the uniform elongation of the material is exceeded, neckiag and finally

fracture set in. Friction over the punch surfaces restricts material move-

ment, and helps to support the drawing lo,.-. Therefore, thinning is less

and fracture may be avoided. A combination of these requirements results

in the need for low friction under the blankholder and on the draw die and for

high friction on the punch. This has led to the practice of differential lubri-

cation (Section 1.3 27). Circumferential compression in the outer zones of

the blaak causes thickening, and the thickness of the cup close to the upper

edgg. may exceed the available draw gap between punch and di,. In the final

stages of drawing the cup will then be subjected to ironing, and high friction

on the pu, -h surfaces coupled wi-'"j low fricttWK on the die surface will help

in obtairing a souzbd p-ruduct.

In hydraulic bulging there is, of course, no friction on the "punch"

side, although friction may be generated on the female die if one is used at

all.

'Ihinning .oay be excessive in the bottom of cups drawn with a herni-

spherical punch and, with zero friction, fracture could occur at the nose of

the punch. W,°i in-creasing punch friction, sliding of the sheet over the

punch is hindered, localized thinning Is reduced, and a deeper draw is

obtained.
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2.65 Heat Generation

Even though the total work of deformation is usually considerably less in

sheet metal working than in balk de'3rmation processes, the heat of deforma-

tion and of friction combine to give a temperature rise of usually 30-80C.

While bulk temperature increase is relatively modest, it is conceivable that

higher flash temperatures are generated in the lightly loaded contact areas,

where only asperities contact the die surfaces. This could be important in

activating some of the extreme pressure additives, although no evidence of

such occurrence is available.

2.66 Process Limitations

The effect of friction is often quite dramatically illustrated in deep

drawing. When the drawing force is high enough to c=use tensile separation

of the part-drawn cup wall, the workpiece becomes scrap. Frequently a

very small drop in friction is sufficient to allow drawing of a sound product.

The maximum deformation that can be obtained in a simple cupping test is

often expressed by the limiting draw ratio (LDR)-that is, the largest ratio

of blank diameter to punch diameter that can be drawn without failure. This

is, of course, largely a material property, but is also influenced by the

sheet thickness relative to the punch diameter and by friction. For a given

standard material, the limiting draw ratio may be used as an expression of

lubricant quality. It is important, though, that the lubricating conditions be

well defined. Thus, for reasons outlined above, greater drtwe can be

achieved with an unlubricated or even roughened punch than with a well-

lubricated one. Simiarly, in drawing with a hemispherical punch, a dry or

roughened punch face helps to distribute the strain and thus give a deeper

draw, expressed either as the depth of draw in a part-drawn cup or as the

limiting draw ratio in a fully drawn cup.

2.7 SUMMARY

Metalworking processes achieve platitc deformation by applying a force

through a suitable tool or die, either in direct contact with the workpiece

or tb r.rgh an Literpos•d lubricaxt film. Friction inevitably arises at the die

workpiece interface, au.3 may be expressed from the mechanistic polit of

view either as a coefficlcna of friction p = r/p or as a constrant interface

shear strength ri = m r .
0
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Friction is, with some significant exceptions, an unwanted factor with a

number of undesirable side effects. In general, it raises the forces and the

power requirements, subjects the deforming tool to higher pressures,

renders deformation less uniform within the workpiece, raises the

temperatures at tho Interface, and may set limits to the maximum obtain-

able deformation.

Besides the actual magnitude of friction, its distribution is also of

major importance. Whenever the pixLuct of the coefficient of friction/g

and the interface pressure p exce.,j the yield strength of the workpiece

Lnaterial in shear ro, relative slidin3 between tool and workpiece ceases

and sticking friction prevails. Deformation then takes place by subsurface

shear Ln the workpiece material itself. In bull deformation this could be a

desirable si' Ation because peak die pressure andI wear of the tool material

is often reduced even though frequently at the expense of wear of the work-

piece material. In contrast, sliding friction normally entails wear oi b .h

die and workpiece material, and may represent a more severe condition, at

least for the die material.

The consequences of friction may be most conveniently summarized

according to the deformation process:

In rolling, friction causes interface pressures to increase to a maximum

at the neutral point, giving rise to the so-called friction hill in the pressure

distribution along the arc of contact. The frieLion hill may be very flat,

amounting to only a few percent of the total pressure in woll-lubricated

rolling, but may double or triple the peakc interface prersures in hot rclling

or rolling witlh poor lubrication. The neutral point is close to the exic point

with good lubrication and moves tow'rd the center of the contact arc with

poor l1brlcation. It thus determin, q the Pmount of forward slip, which in

turn affects the amount of frictional heat generawd and also controls the

surface finish of the rolled product. Too low friction can be undesirable

becaase the strip or slab may rot be made to enter the roll gap; too high

friction, on the other hand, may cause exceFzgtve roll forces, rolling torques,

or may limit the mindmum thickness to which the material may be rolled with

a given roll diameter and tension balance.

Friction increases the drawing force !n wire and tube drawing. Inter-

faee pressure drops with increasing friction, but this is an effect of minor

Importance. Friction increases the Inhomogeneity of deformation, and is
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contributory to the development of residual stresses and also to center

bursts. With the exception of the drawing of tubes on a bar, friction also

limits the maximum deformation that may be taken in a single draw.

Fricti m on the face of an extrusion die is significant, because it con-

tributes to the inhomogeneity of deformation and can produce badly distorted

material. Friction between the billet and the container wall raises the total

extrusion force and may limit the maximum extrusion ratio by generating

pressures in excess of those that can be withstood by the toolhig. With very

low friction it is possible to extrude through a square die (included angle

180), but the die angle must decrease for higher friction if sliding along the

die surface is to be maintained. Otherwise, a dead zone forms at the junc-

tion between container wall and die, and extrusion proceeds through this

self-created die by shearing through the workpiece material. Although re-

sulting forces are high, the freshly generated surfaces can be of good quality.

However, lubricants must be excluded in extrusion with a dead metal zone,

otherwise subsurface defects would form.

Friction effects in upsetting are often rimilar to those found in rolling,

although the lubricant does not enter the interface continuously. A friction

hill develops in open-die forging operations such as the upsetting of cylinders

and in plane-strain compression. Friction must be, very low if high interface

pressures are to be avoided in forging relatively thin sections. These pres-

sures may exceed the strength of die materials causing indentation of the

die. Friction increases the forces also in closed-die (impression die)

forging, but the effects are too complex and too little understood to allow

generalized conclusions.

Friction is an important variable in sheet metal working operations,

particularly in deep drawing. Increasing frictlon between the sheet and the

blankholder and draw~die surfaces increases the drawing force and may cause

fracture in the part-drawn shape. In contrast, friction between the punch

and the sheet may be beneficial in increasi.'ng the maxnimum possible draw

with both flht-bottomed and hemispherical punches.

The review presented in thiq chapter has shown that the theory of metal

deformation processes is of value primarily in predicting the effect of fric-

tion on forces and power requirements. This allowa the design of equipment

on a systematic basis; a comprehensive treatise due to Geleji i74) is avail-

able on this aspect. Other effects of contact between the too! and workpiece

L=
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are often difficult to characterize in the same quantitative fashion. The con-

trol of friction and, often more importantly, that of wear is posaible only
through a suitable cholc'- of process conditions, die materials, and

lubricants. Many successful solutions have been found purely empirically;

to understand the reaeons for these successes and to attempt the development

of better solutions, fundamental knowledge relating to the subjects of fric-

tion, lubrication, and wear (Chapters 3 and 4) must be considered, which

then leads to a more balanced view of the desfrable attributeiq of lubricants

(Chapter 5).
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A wealth of information is available on friction, lubrication, and wear.

Most of this material deals with the problems of lowering friction, minimiz-

ing or controlling wear, and the effective performance of machinery elements.

The sliding or contacting metal surfaces are often found to suffer localized

plastic deformation of surface irregularities, and this has led to theories and

hypotheses useful in extending knowledge to new areas. Under these condi-

tions the bulk metal is only elastically deformed and, therefore, not perma-

nently affected. On the other hand, in metalworking processes, the workpiece

undergoes extensive plastic deformation in contact with a tool o- die and

concepts must be modified accordingly.

The purpose of this chapter is to survey friction, wear, and lubrication

mechanisms in order to highlight those aspects which may have a counter-

part in metalworking processes. Attention Is directed, wherever possible,

toward the ultimate application of this information to a useful understanding

of metalworking friction and lubrication. Additional sources are cited to

enable the reader to explore a particular subject in depth.

3.1 DEFINITIONS

In the most elementary situation, when one body slides over another, the

resistance to motion is called friction. It is found that the fri-tional force F

is proportional to the normal load P and therefore a coefficient of friction A

can be defined:

F = P P (3.1)

This relationship has been recognized for hundreds of years (Section 1. 15),

and it is still acceptable for many purposes. While early workers assumed

a constant coefficient of friction, it is now known that, actially, even the

coefficients of dry friction are sensitive to many influences. Furthermore,

it should be noted that, in certain instances, sticking friction can occur and

1 will have little significance. It was already shown that, for practical

purposes, 1 is a most useful concept under elastic contact conditicns but. has

only limited value for bulk deformation processes (Section 2.12). Although

friction is commonly considered undesirable, it performs a vital function in

brake linings, clutch surfaces, and the anti-skid properties of tires. The

"bite" or entry friction of the cheet in cold rolling is a pertinent metalworking

example (Section 2.26).
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The definition of wear that best fits the general situation is given by the

OECD (Organization for Economic Cooperation and Development) Group on

Wear [1]: "the progressive loss of substance from the operating surface of a

' dy occurring as a result of relative motion at the surface," Later, we

shall see that many effects car, contribute to wear including not only mechan-

ical action but also surface fatigue, corrosion, and thermal effects. Only the

German literature distinguishes between Abnutzung (wear plus corrosion) and

Verschleiss (wear). Although wear may be generally regarded as detrimental,

in certain cases it may be beneficial as in "running in" of new machinery

elements.

Lubrication aims at the reduction of friction and wear through the use of

lubricants between load-bearing surfaces. To suit the situation, lubricants

can exist as fluid films, thin films, boundary layera, and often as solid

layers formed or deposited by various means. Under appropriate conditions,

even gaseous lubrication can be used. Because of the diversity of lubrication

requirements, many practical lubricants are viscous fluids containing addi-

tives to accomplish specific functions. The cheapest and most widely used

vicous fluids are minerP.1 oils, but synthetic organic polymers have more

recently been introduced to achieve specialized goals. Vegetable and animal

oils and fats not only act as viscous fluids, but the generally high content of

free fatty acids also provides boundary lubrication properties. For metal-

working operations, the additives also include solido which themselves have

lubricating properties (e. g., graphite, molybdenum disulfide, talc). The

"soluble oils" are, ýn reality, concentrated oil-in-water emulsions containing

emulsifying agents; they can be readily diluted with water for use, particularly

in cold working. A detailed discussion of lubricant cor oonents will be found

Li Chapter 4.

The above sulrvey has introduced a number of concepts that may or may

not be familiar; they will be discussed in the following sections.

3.2 FRICTION

3. 21 Laws of Friction

"i%,o classical laws describe friction in essentially elastic contact. The

first law indicates that frictional resistance is proportional to the load; the

seconn law states that the frictional resistance is independent of the area of
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contact. These laws date back to Leonardo da Vinci (1452-1519) and to

Amontone (1699). Later, Coulomb (1781) distinguished between static and

sliding friction, observing that the force required to maintain sliding waa

significantly lower than the force required for the initiation of sliding. His

observation, or the so-called third law of friction, states that kinetic friction

is nearly independent of the speed of sliding. Coulomb also theorized that

stathj friction % as due primarily to the interlocking of surface irregularities

with adhesion playing a subordinate role. The three laws together provide a

quantitative framework for frictional studies.

The laws have been confirmed experimentally under limited conditions,

but the origin of friction has remained the subject of considerable study. It

should be emphasized that these criteria apply only in the instance of "dry"

friction-that is, in the absence of intentionally added lubricants or solids,

but in the presence of "normal" amounts of surface oxides, moisture, and

possibly the contaminants inherent in industrial atmospheres. The laws also

apply to boundary lubricated sliding that will be discussed later (Section 3.45).

3.22 Development of a Theory of Friction

When two "dry" surfaces are pressed together, either statically or in
sliding contact, the real contact occurs only at the tips of surface asperities.

According to the most generally accepted theory of friction, limited plastic

deformation of asperities takes place under intense local stresses and, if

surfaces are very clean ("virgin surfaces"), cold wvelding occurs. The work

of shearing theqe welded junctions upon tangential sliding gives rise to a

resisting frictional force, and their deformation and fracture lead to wear

and to metal transfer between surfaces. These Ideas have been pursued

most vigorously by Bowden and Tabor [2,3]. Variations and refinements

have been proposed by many, including Kragelskii [4], Rabinowicz [5], and

others. Before discussing the most recent and generally accepted viewr, it

is of value to discuss the general development leading to a theory of friction.

Molecular Theories

Tomlinson [6] proposed a theory based on the molecular forces existing

betwveen clean contacting surfaces. He suggesmed that the field of molecular
attraction extends to a distance of several diameters from a surface mole-

cule while a repulsive force field exists at a much shorter distance. Mole-

cules from an op',-oing surtace that come within this repulsive field and
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thun separate provide a loss of energy which is manifert as friction. An

alternation of attraction and repulsion occurs that causes both friction and

heating. In his complete theory, an attempt is made to calculate frictional

forces from empirical constants derived from elastic moduli.

The molecular attraction theory has been studied in particular by Russian

investigators including Deryagin, Epifanov, Adirovich and Blokhintsev, and

Kragelskil. These views are summarized by Kragelskii [4] and by

Akhmatov [7]. According to this school of thought, the common origin of all

kinds of friction must reside in the atomic interactions of the bodies partici-

pating in the friction process. The forces originating from the approach of

solids have been demonstrated experimentally [8]. These considerations

indicate that interact'ons on an atomic scale produce appreciable forces.

Whether these fundamental considerations play a small or major role depends,

in large part, upon the presence of absorbed surface layers and surface

oxides as well as the nature of the bulk of the material (e. g., whether it is

annealed or work-hardened). The molecular concept of friction is of greatest

value in relation to degassed surfaces in ultrapure environments such as

occur in high vacuum or outer space. With respect to most practical

applications, the view is still fundamentally correct, but highly disturbed and

co1.taminated surface layers can so dominate the frictional processes that

molecular attraction is reduced to only a small part of the whole picture.

Welding Theory

The best known theory of dry sliding friction is due to Bowden and

Tabor [2, 31 and their colleagues at Cambridge. Although originally developed

for and generally appliea to metallic friction, it has subsequently been ex-

tended to many other types of materials. The theory does not require

specific reference to atomic interactions- rather, it is based on the fact that

even the best surface finish is not flat and smooth on a molecular scale (see

Section 5.6). Typically, lapped surfaces have an average roughness of about
0

0. 02 microns (200 A) and finely ground surfaces can readily be ten times

rougher. Therefore, when two apparently flat metal surfaces of apparent

area A are pressed together by a load normal to their mutual interface, theya

will 'o-ch only at a few relatively isolated regions Ar (Fig. 3. 1). Locally,

the prc3sure at these contacts is so high that the asperities of the two metals

deform plastically as the local pressure reaches the yield pressure (inden-

tation hardness) p of the softer material. As the load is further increased,
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Fig. 3. 1. Microscopic representation of two metal surfaces in contact.

the surfaces approach each other moe closely, the original areas expand in

size, and .iew contact areas are formed as well. If the projected real area

of contact is Ar and the average value of the yield pressure is p I, then the

load P is supported by the sum of all such contact jimctions or

P = ArPm (3.2)

With dry, clean metal 3urfaces, it is postulated that the surfaces cold

weld at these contact regions, creating welded juictions with a mean shear

strength ri; this may reach the shear yield strength r of the softer metal.
In 0

The frictional force required to shear these juncons is:

F =A, (3.3)

The coefficient of friction can then be defined as:
A r r

F r m m
PA = -Ar m =m (3.4)

Inasmuch as shearing usually occurs within the softer of ihe two metals in

contact, the coefficient of friction can be expressed in terms of the material

pruperties f this rýL.tal. Since r and pm are fstrength properties of the
M I

same metal, tley vary simultapeously ancO their ratik, for a diverse range of

metals 's constant, at least to a first approxiir.atioi. Work hardening causes

r and pm to change, although not necossarilv in the same proportion. As

will be shown later, surface oxides and films formed by normal atmospheric

contamintation can also influence observed values ofu .

An inports.nt consequence of the cold welding postulate and subhequent

derivation of Eq. 3. 4 is that it affords a batisfactory explanation of the first

two laws of friction-namely, that the frictional force is proportional tc the

load and is independent of the apparont area of contact. As mentiuned before,

these tawtw apply only to cortact conditions characteriz.d by plastic
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deformation of the asperities of the softer member. If both members of the

system deform elastically, the area of contact will be proportional to p

according to the analysis of Hertz [9]. Correspondingly, the coefficient of

friction should appear to fall with increasing load. However, Archard [10, 11]

pointed out that the Hertzian analysis applies only to a single contact; if the

surface is regarded as spherical with many small spherical protuberances

superimposed on it, the exponent of I : !-)Lrease and tend toward unity as

the size of superimposed spheres is reduced. For large complex surfaces

with distributed contacts, both elastic and plastic deformation will produce

proportionality bex.esn F and P and, thus, a constant coefficient of friction.

(A review of the effect or solid areas of contact on friction was given by

Jones et al [12]).

1f the spherical slider is much harder than the flat surface, a groove will

be cut or plowed and additional work will be expended to displace metal.

Thus, for such systems, a plowing term should be added to the shearing term

to give the total frictional force. Under most practical metalworking condi-

tions, however, the contribution of plowing is small or negligible, except

when the tools are -'ough or adhesion causes well-defined pr(jections to form

on one of the contacting surfaces (pickup). Workpiece asperities will, in

general, be flattened, and this will r,3quire work too.

The concept of cold welding of asperities has proved useful as a simple

explanation of the mechanism of dry friction and wear, and it has been con-

firmed by experiments conducted under controlled conditions. Perhaps the

most convincing demonstrations are those in which radioactive sliders leave

fragments behind that adhere strongly to the other surface. Direct evidence

of adhesion was found for exceptionally clean soft metals in air [13] and for

harder metals in vacuum [14]. The subject of adhesion is further discussed

in Section 3.25.

Modified Welding Theor,

The junction weld'xg theory as presented originally was soon recognized

to be oversimplified. A great deal of attention has been directed toward

amplification of details of the process and toward the development of more

exact theories.

Feng 1151 suggested that, under intense locally applied norr;'l and

shearing stresses, the interfaces of high spots sire roughened as tae result
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of plastic deformation. Mechanical interlocking and the accompanying

strain-hardening causes breakage a certain distance away, and the resulting

fragment is welded to the othrer surface. Thus, welding of a fragment is

considered a consequence of friction, whereas the welding theory considers

welding as the source of friction.

Kragelskii [4] proposed that the interaction between surfaces is of a dual

molecular-mechanical ,iature, depending on the geometry of the contact

(shape of asperities and depth of contact), the specific prcperties of the bulk

material, and the presence P'nd type of films. In contrast, Barweil [16]

suggested in a detailed review of tho nature of friction that welding or positive

adhesion between surfaces is not essential and that plastic deformation of

surface regions can account for the observed frictiunal behavior. It is

certainly Important to realize that the problem of contact is statintical, and

there is real danger in concentrating attention on the behavior of a single

junction without regard to the surface as a whole.

Junction Grovwth Theory

A scrious deficiency of the elementary welding theory is that it i.gnores

the interrelationchip of the combined action of the shjar and normal stresses.

Since the metal If deforming plastically at localized regions, both stresses

contribute to the yielding. For a two-dimensional single junction, the von

Mises yield criterion predicts that plastic flow will occur when

2 + 32(35
p + 3 = constant (3.5)

No rigorous treatment exists for a three-dimensional junetior, but it can

be expected that a similar relationshlp of the form

2+ar2 = constant=Pn 2  (3.6)

should huld [17]. If initially the two surfaces arE pressed together by a

normal force, the normal stress p active over the real area of conta.rf-t Ar is

equal to the yield pressure (inden•tation hardness) pm of the softer mrterial.

The total load P is then supported by an area Ar

P = Arp (3.2)

As soon as the smallest tangential force is applied, a shear stref: i- is

introduced and the normal pressure must fall to a lower vale. This o-curs

IL
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by the growth of the junction-that is, by increasing the real contact area to

A to satisfy the condition P = Ar p. In consequence, the fActional force is•rr

no longer proportional to the normal force, and Amontons' law ceases to hold.

Various experimental measurements confirm the growth of junctions

according to this model. McFarlane and Tabor [13] evaluated junction

growth for steel sliding on indium, and the growth of indium jimctions on a

glass plate was observed visually by Cocks [18]. Junction growth with harder

metals such as copper, platinum, nickel, and silver can also be demonstrated

provided the surfaces are thoroughly cleaned [14]. Upon interrupting an

experiment, it is found that the normal pull required to beparate tl.e con-

tacting material pair can be as high as ten times the original load, giving a

direct proof of junction growth occurring under combined normal and shear

stresses and explaining the high friction values (m = 1. 0-2. 0) measured with

clean surfaces. The simple walding theory is particularly inadequate for this

situation because with r = a/2 and pm = 3ao the predicted friction coefficient
o 0

would be only p = 0. 16 from Eq. 3.4. Even if it were assumed that an as-

perity could be deformed in uniaxial compression, a maximum coefficient of

only A = 0. 5 would be predicted. Experiments by Butler [19] and Fogg [20]

have shown that the indentation hardness pm is usually in excess of 2 a

(closer to the theoretical pm= 3 ao cited above), confirming the need for the

junction growth theory.

Perhaps the most convincing evidence is found in the work of Courtney-

Pratt and Eisner [21], who evaluated directly the effect of tangential force on

junction growvth in carefully conducted experiments. Junction size was

measured by electrical contact resistance, and tangential displacements

of only a few microns were determined by multiple-beam optical interfer-

ometry. These experiments show that junction growth is indeed a

consequence of combined stresses and plastic flow. Even more important is

the observation that initially the growth occurs in exactly the same manner

for both lubricated and unlubricated contacting surfaces; however, with clean

surfaces, the growth can continue ladefinitely whereas with a lubricant

present, growth ceases at a very early stage for a particular limiting value

of shear stress.

These findings permitted Tabor [171 to extend the junction growth model

by ana1N/ing the effects of an interfacial layer interposed between the con-

tacting surf-ices. This layer could be a contaminant film as well as a
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boundary layer of lubricant, presenting an interface of shear strength ry. As

long as the imposed shear stress is below this value, sliding and junction

growth occurs as predicted by Eq. 3.6, which may be also written in the

form,

p2 2 = aa2 (3.7)
Pin 0

When shear stresses reach the shear strength of the interfacial film ri,

Junction growth will cease and the layer will be sheared at a stress inde-

pendent of the magnitude of the normal stress. Macroscopic sliding will then

*jnsue, and the area of the junction will have increased to some value A'.

The shear strength of the interface may be expressed as some fraction

m of the shear strength of the metal r

r = mro (2.3)

and, for the onset of sliding, Eq. 3.7 can be rewritten
2 2 ri2p + ar1

2 = a (3.8)

Rearranging gives,

2 2 a .1 2 1-mn2
p =a '- 2 - 1)= r a(------) (3.9)

The coefficient of friction can then be expressed in terms of only m and a.

F ri; F 2 ]1/2

"" = Ar In 11 (3.10)

This form of the coefficient of friction is very revealing in terms of the

frictional mechanism. When m approaches unity, as it would on very clean

metal surfaces, p will attain high values, in agreement with experimental

evidence. As soon as m is decreased even slightly, p will fall to low values

typical of practically clean surfaces. For example, if m = 0. 95, OL becomes

approximately unity (with a taken as 9 from experimental evidence).

If a boundary film is present and is readily sheared in comparison to the

metal, a condition is reached that is most important in metalworking lubrica-

tion. For values of m less than about 0. 2 the term m2 can, with little

error, be eliminated from the denominator of Eq. 3. 10, which then

simplifies to
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K]'1  [m jl/o -13.11)0r2 Pm

or

shear yield strength of interface
yield pressure (indentation hardness) of substrate

The last equation is equivalent to the simple expression of Eq. 3.4.

However, the derivation shows that cold welding is not essential to explain the

mechanism of friction. Furthermore, the analysis leading to Eq. 3. 11

emphasizes the importance of a boundary interfacial layer in determining

friction. If the shear strength of the layer is appreciably less than that of

the substrate metal (i. e., below about 0. 2 ro), junction growth can be con-

sidered negligible and friction is governed by the shear strength of the

lubricant film.

We shall see later that in boundary lubrication the surface film inter-

posed between the sliding metal surfaces can he exceedingly thhi. There may

be local regions where the film will be penetrated and where cold welding

can occur. This is often insufficient to influence friction to any degree, but

it might initiate adhesion, metal transfer, and wear. In metalworking, pick-

up of the workpiece material on the die is liable tc interfere with further

lubrication and, in this way, seriously impair lubrication.

3.23 Mechanism of Friction in Plastic Deformation

The previously described principles apply primarily to contacts in which

the bulk is only elastically deformed. Such conditions exist in bearings,

seals, and gears. Even though surface pressures may be high, the con-

tacting material pair is hard enough that the real area of contact is small

and only the asperities deform plastically. Radically different conditions

are created in deformation processes. The bulk of the workpiece material

suffers plastic flow; in consequence, the real area of contact may approach-

at least in the absence of a lubricant-the apparent area of contact, and

extension of the surface exposes large virgin surfaces.

Once mean interface pressures are large enough to initiate bullz plastic

flow, the coefficient of friction cannot be meaningfully described by Eq. 3.4.

As discussed in Section 2. 12, the interface pressure may range from the

unlaxial yield strength oa to multiples of this value. The interface shear
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itrangth, on the other hand, cannot exceed the yield stress of the workpiece

material in shear r0 , because the presence of a stronger interface layer will

simply cause shear to take place below the surface, in the bulk of the work-

piece material (sticking friction, not to be mistaken with static friction).

Consequently, the calculated maximum possible friction coefficient decreases

with increasing mean interface pressure, as shown in Fig. 2.2. It appears

that Shaw et al. [22] were the first to consider this effect in some detail.

The argument is, of course, predicated on the assumption that r is not

affected by the normal pressure, and softening or strain hardening has the

same effect on shear strength r as on the uniaxial yield strength ao, and the
0

ratio of the two remains constant at 0. 5 (or 0. 577, ii the von Mises yield

criterion is used). There is, indeed, ample evidence to support this assump-

tion, mostly from work conducted under high hydrostatic pressures, and

also from experiments aimed at clarifying the effect of subsurface flow on

the coefficient of friction.

In the work of Shaw et al. [22], a hardened steel ball was pressed into an

SAE 1020 steel surface and then rotated (Fig. 5. 9f) and normal load and

torque were simultaneously measured. A small centered hole drilled in the

plate allowed substantial plastic deformation at high normal pressures. At

light loads, a constant friction coefficient of approximately 0. 26 was

measured, but its value dropped gradually as the normal pressure reached

a multiple of the yield strength and approached a value of only 0. 10. In a

more detailed investigation by Lauterbach et al. [23], totally enclosed test

pieces of copper and aluminum were used with similar results. Both in-

vestigations also included some lubricated experiments, and agree in that

good lubricants prevent the onset of subsurface plastic flow even under high

normal pressures, obviously by reducing the effective value of the interface

shear strength r . Peterson et al. [ 24] found that 'r increased with normal

pressure, but the scatter of their data could obscure this rather inexplicable

observation. Peterson and Ling [25] have also suggested that, at very high

normal pressures, the workpiece material flows like a viscous fluid. In the

absence of other corroborating evidence, the existence of such regimes must

be regarded as doubtful at present.

It must be recognized that the contactin7 surfaces are never smooth and,

in most instances, tho softer workpie.,e material is rougher than the tool

surface. It is well known from experience that bulk plastic flow can take
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place even before the workpiece conforms to all microscopic details of the

tool surface, and simple experiments [2, 3] have also confirmed these

observations. The asperities on the workpiece material, in general, may be

expected to be harder (stronger) than the bulk. However, they are also less

easily deformed because of the geometric constraint imposed 5y the bulk

metal. Tr many ways, the situation is similar to that obtained in the indenta-

tion of a large workpiece with a pointed indenter, where the measured in-

dentaticn pressure could reach 3ao if indentations were spaced far enough

apart. A more detailed conoideration was given to this problem by Thomsen

et al. [26] and Shaw [27]. Both arrive at the reasonable conclusion that

sufficient pressure can be transmitted through the asperities to initiate

plastic flow in the substrate. However, it should be noted that these treat-

ments are oversimplified; recent experimental work, coupled with a numer-

ical analysis of surface profiles, indicates that asperities depressed into the

bulk of the metal cause the valley bottoms to rise and a more rapid confor-

mance of the two surfaces occurs than would be expected from the simple

treatment [28-30].

It must be emphasized that all the above. considerations apply only if the

surfaces are dry. Any liquid lubricant present may be trapped in surface

irregularities or ;arried into the deformation zone by a combination of

favorable process conditions; the deforming pressure is then transmitted

through this lubricant film. This delays or prevents conformance of the

surfaces and may even allow marked roughening of an originally smooth

workpiece surface.

A detailed examination of the mechanisms of friction (and lubrication) is

possible only after all relevant background information is available and will.

therefore, be found in the appropriate sections of later chapters (Sections

6.2, 7.2, 8.2, 9.2, 10.2, and 11.2).

3. 24 Stick-Slip

Under certain conditions, the relative sliding of two surfaces occurs in

in intermittent fashion. The OECD definition [1 describes stick-slip as a

"relaxation oscillation usually associated with a variatior of the coefficient

of friction with relative velocity or with duration of static contacts." The

term stick-slip was first applied to frictional processes of tnis type by

Bowden and Leben 1311. In the stick phase, there is a penetration of
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surfaces and a growth oi contacts. The duration of such contacts is deter-

m!ned by the rolative sliding velocity and hy the elastic characteristics of the

system. Elastic deformation of the equipment permits relative displacement

of the parts supporting the contacting mrmbers for a period of time until the

lateral force builds up to a point sufficient to cause the sticking surfaces to

break away and a rapid motion (slip) ensues. During sliding, penetration of

the surfaces increases again and the process is reiterated in a periodic

manner. Rabinow'acz [5] presents a qualitative description relating the natural

frequency and frictional properties of certain systems.

While the difference between low kinetic and high static friction serves to

explain the origin of intermittent motion, it is important to recognize that in a

perfectly rigid mechanical system stick-slip would n:,t occur. All practical

equipment containo elastic elements, one of which is most responsible for

stick-slip. In laboratory friction testing apparatus, this is usually the arm

carrying a slider. In metalworking practice, the elastic deformation of the

long bar supporting the tube drawing mandrel (plug) often causes a trouble-

some chatter. Generally speaking, the existence of stick-sl!p in metal-

working processes might imply improper process variables (e. g., force,

speed, load pressure) for a given lubricant or failure of the lubricant.

3.25 Adhesion

An understanding of the mechanism of adhesion of metals is of funda-

mental importance in evaluating frictional processes under both local and

gross deformation conditions. Adhesion can occur when two metals are

pressed together either under a normal load or under combined normal and

shear loading, and is ei idenced when a measurable tensile force is requiy ed

to separate the two surfaces. The phenomenon is put to practical use in the

processes of solid phase welding; comprehensive treatment of the subject

may be found in Tylecote [32].

Adhesion frequently has a less desirable significance in the realm of

metalworking since, if it is allowed to become widespread, castastrophic

failure could occur. It is adhesion of workpiece metal to tool material that

causes severe scoring of the product in extrusion, sticking of the forging

in the die in closed die forging, and pickup in drawing. Normally, it is re-

duced by the presence of absorbed films or oxides that preclude the formation

of metallic jurctions and, of course, one of the prime functioas of a lubricant
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is also prevention of such metallic contact. Adverse process conditions can

cause breakdown of the surface film, allowing new metal surfaces to come

into contact with the tool. Under these conditions, adhesion between tool and

workpiece materials will determine the extent of the surfact damage that

can occur.

Unfortunately, the majority of information that has been generated on

adhesion concerns 3imilar alloy pairs, or elemental metals, and relatively

little information relevant to industrial adhesion problems is available.

Similar Metals

McFarlane and Tabor [13] made an extensive surveyof the adhesion of

soft metals. When indium-a soft ductile metal, which does not oxidize

readily-is pressed on itself, the force required to separate such a system

approximately equivalent to the static pressing force. Analogous to the coef-

ficient of friction, the ratio of separating force to normal pressing force is

called the coefficient of adhesion, which in this case is unity. When an

additional tangential stress is applied, adhesion increases markedly as a

result of junction growth. Bowden and Rowe [14] demonstrated that a reason-

able correlation can be made between the normal adhesion of several non-

reactive metals (gold, silver, platinum, and nickel) and the tangential pre-

stressing force. The experiments suggest that asperity bridges of one micron

diameter were formed which severed upon stretching by approximately
0

100 A, or 1% of the bridge diameter. Such estimates and calculations may

involve considerable error but are helpful in providing a picture of the adhesion

process un,x'er mild sliding friction conditions.

Temperature has a marked effect on adhesion. Bowden and Rowe [14]

noted that many metals do not adhere strongly at low temperature because of

a lack of ductility of the junctions. Annealing or heating at elevated tem-

peratureiQ produces a marked increase in the adhesion. Because of the effect

of annealing, the temperature for the onset cf strong adheaion is around the

homologous temperature (half the melting point expressed in absolute tem-

perature). The duration of normal pressure application also influences

adhesion at a given temperature within the annealing range.

Factors governing adhesion are not well understood even between similar

metals. Sikorski 1331 conducted an extensive series of twist-compression

experiments in which flat ends of two bars (one hollowed out) were pressed

and twisted together, and Lhen the force of adhesion was measured, The
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data of Fig. 3. 2 correlate the coefficient of adhesion %a obtained with hard-

ness determined on the faces of samples after separation. The sticking

tendency decreased with hardness: hard metals such as cobalt, rhodium, and

iridium gave little adhesion, whereas soft metals such as indium, lead,

aluminum, and gold adhered strongly. This effect is possibly associated

with the recrystallizatio± temperature of the materials, so that if the hard

materials were taken to a temperature above that of recrystallization, they

too would exhibit high adhesion. Very Llean surfaces would adhere even at

low temperatures.

Another feature observed 's the relationship of crystal structure. The

data for both face-centered and body-centered cubic metals follow one law,

but the hexagonal close-packed metals with a large c/a ratio follow anoiher

law corresponding to much lower adhesion. 'or thtse metals there is only

one well-developed slip plane (the basal plane), whereas other crysta!

structures have several. Consequently, when polycrystalline cadmium, zinc,

or magnesium slides against itseli, shearing of mecal at the interface is

difficult because of this limitation in deformation mode. This limits the
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amount of surface conformation %f, the interface and also the adhesion. Con-

versely, because of this easy separation plane, most hexagonal metals (in-

cluding zinc, titanium, and zirconium) show relatively severe wear damage.

Rabinowicz [5] has demonstrated by several approaches that surface

energy is counteracted by volume energy and that WA/p represents a

balance between these forms of energy, where pm is the penetration hard-

ness and WA represents the work ot adhesion, the energy that must be

supplied to create an interface of 1 cm 2 . Two surfaces, each having an

energy YA' are created and the interface energy is lost. The da!-L of

Sikorski [33] show a good correlation with WA/Pm. It should be noted, how-

ever, that these data are very much dependent upon surface contamination,

which can substantially increase the threshold deformation for adhesion in

tests such as roll bonding or twist compression.

Dissimilar Metal Pairs

It is well known that wide differences in adhesion characteristics can

occur in metalworki- processes by changing the material of the deforming

tool. A striking example is in the drawing of tantalum wire, which has

importance as a surgical material. Tantalum cannot be drawn through steel

or tungsten carbide dies with conventional lubricants because pickup occurs

and both wire surface and die will be considerably damaged. Dies made of

aluminum bronze permit drawing of a sound product, although because of the

relatively low hardness of aluminum bronze. a high rate of die wear will

have to be accepted. Nevertheless, seve- uuý. age to the workpiece material

can be eliminated.

With such differences in behavior possible, it is obviously most im-

portant to have criteria available which will enable prediction of the adhesion

characteristics of dissimilar metal pairs, both for metalworking and for

bea~ing materials. Several theories have been proposed for this purpose,

and although their application to metalworking practice is currently rather

limited, they represent at least a useful starting point.

Perhaps the best known of these theories is the solubility theory. The

criterion of solubility may be set in various forms. In the slidling of unlike

metals of similar hardness, Shaw and Leavey [341 noted that if the two

metals were immiscible in the liquid state, sliding friction was low, but if

the liquids were miscible and they also formed solid solutions or inter-

metallic compounds in the solid state, then friction was high. Ernst and
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Merchant [35] later suggested that solid solubilities should be examined at

the sliding te•mnerature. If unlike metals were mutually insoluble at the

sliding temperature (room temperature in the work of Ernst and Marchant),

low friction would result, while a range of solid solubility would generally

indicate high friction and adhesion. Coffin [36] correlated low friction and

adhesion with very low solubility of the solid (highermelting point) metal in

the liquid (lower melting point) metal. Takeyama and Onp [37] considered

the m taxim'm solubility of the lower melting point metal to obtain correlation

with adhesion observed in metal cutting.

After Underwood'e observation [38] that bear!ng metals employed with

steel were in the B subgroup of the periodic table of elements, Goodzeit et

al. [33, 40] tested severai metals against iron and mild steel by means of

slider-on-disk tests. They found that for low friction the metals should be

insoluble both in iron and in the B subgroup. Rabinowicz [41] considers that

there is correlation er;.'ei solubility and atomic size, which in turn deter-

miner the position of an element in the periodic table. Therefore, the pre-

dictions of Goodzeit et al. [39, 40] are similar to those of other workers who

consider only Rolubility. Goodzeit did find that the concept of position in

the periodic table was not relevant if the metal pair investigated did not

include Irov.

Thus, the concept of solunilfty may be interpreted in numerous w..ys

but. In general, it provides sound gaidelines for the friction and adhesion

vior of dissimilar elemental iretal pairs. Further evdJence for the

solubility theory ),is been provided by Aynbinder and Pranch [421,

Navara [43], Cottin [44, 45]. Hazlett [461, Weiss and Hazlett [47], and

Newn hain and Schey [48]. It shoild be remembered that, in all of this work,

contaminatioii plays a significant part in determining the observed variatioýs

in friction. There Is little doubt that with perfectly clean surfa-es, friction

welding would occur for all metals In the te•sts c: rployed. However, in

some of the tests metal-to-metal contact will occur, even in the presence of

contaminant films, because of the severity of the tests. Il is he:-e that t.he

solubility theory can give some indication of the relative adhesion tendencies.

Another theory of metal adhesion is concerned with surface energy of

adhiesion, WAB' where A and B represent t,"o unlike metnl surfaces.

Machlin and Yankee 149) found that the ratio of work of adhesion to the

:Atrength of the weaker component gave an indication of the degree of
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adhesion of the metal pair. This is essentially similar to the concept of

Rabinowicz [41, 50], who utilizes the ratio of surface energy of adhesion to

penetration hardness of the softer material, WAB/Pm. However,

Rabinowicz [50] notes that direct measurements of WAB are unreliable, and

that indirect esdimates are needed. These indirect measurements are pro-

vided by measuring the angle of contact, f , of the lower melting point liquid

metal on the other, solid material, since

WAB= YA (1 +coso) (3,12)

Measurements of contact angle were suggested by Machlin [51 ] and by

Coffin [52], who inferred that if the angle of contact was less than 900, then

the metals are compatible and friction and adhesion are high. Rabinowicz [50]

has used data from wettability measurements, which must still be considered

as of rather uncertai, accuracy, since precise determination of the contact

angle is rarely an easy task. However, using these data, Rabinowicz [50]

calculated values of the ratio WAB/Pm and found a general correlation with

the average values of friction observed in the sliding experiments of several

investigators. He noted that correlation between solubility and friction was

poor; however, he used the rather doubtful technique of Shaw and Leavey [341

in aasebsing solubility data, in which solution in the liquid state is important.

In summary, it is apparent that criteria are needed for the prediction of

adhesion and friction phenomena when dissimilar metal pairs are in contact.

This has been shown to be important not only in bearing design [53] but also
in metalworking f48, 54]. Theories involving surface energy have some

relevance in practical observations, as can be seen from the work of

Rabinowicz [41, 50], but the measurement of the work of adhesion, or even

the angle oi contact, presents serious difficulties in practical systems.

Solubility theory appears to offer the most promise at the present time

although the exact meaning of solunility requires greater definition. The

theory has proved moderately successfui in predicting the frictional behavior

of elemental metals, and there is some indication that the behavior of alloys

may also be monitored [55j. However, a compiehensive theory of metallic

adhesion is not yet aval'able. Much resear-ch needs to be done so that the

interaction of materials can be.predicted und-r practical metalworking

conditions.
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3.3 WEAR

Th,3 complex nature of wear has already been suggested by the definition

given in Section 3. 1. Broadly, the prime practical objective is to devise

antifriction systems and iubricants that provide a minimum degree of wear.

Laboratory wear experiments are usually designed to givw measurable rates

of wear under severe operating conditions; the accelerated action is desirable

for purposes of rapid evaluation. In metalworking, wear refers primarily

to the forming tool, constructed from a relatively hard and stable material,

which is used to deform a relatively soft metal often at elevated temperatures.

In this context, wear of the tool or die is to be minimized or avoided if at all

possible. In the process of deformation, materials may also be worn away

from the surface of the workpiece.

The survey given here will show that in machine elements a number of

wear mechanisms can be identified, several of which also have importance

in metalworking. Various wear mechanisms will be discussed first and

their cccurrence in deformation processes reviewed in Section 3. 35.

3.31 Types of Wear

The types of wear a: e extremely d.verse and not amenable to uniform

treatment. The approach used by Burwell [56] is to discern, if possible, the

basic mode of wear which then has its own laws. In practical situations, it

would not be unexpected that more than one mode of wear would contribute,

perhaps with complicating aspects.

Adhesive Wear

Adhesive wear occurs whenever two smooth surfaces slide over each

other and-as a consequence of solid-phase welding-fragments are pulled

from one surface to the other. Later, these particles can either retransfer

or else form loose wear particles.

Abrasive Wear

Abrasive wear (abrasion) occurs when hard protuberanecs of one surface

slid, relatively to a second contacting surface and cause. displncement or

plowing f"two-body w%-ar"); the wear particles formed are generally loose.

A second forin of abrasive wear is caused in a so-called "three-body"

system where art external abrasivc grit, loosened scale, or other foreign

material is interposed between the surfaces or becomes imbedded in one of
the m.
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Corrosive Wear
When frictional sliding takes placs ha a corrosive environment, cor-

rosive attack of the exposed metal surface takes place. If a corroded film

is originally present, the sliding action wears or breaks the film. Later,

we shall see that chemical attack of a contacting suface can be beneficial

when it is induced in a controlled fashion tc provide a load-supporting E. P.

film (Section 3.46).

Surface Fatigue Wear

Repeated sliding or rolling of one metal over another produces repeated

loading-unloading cycles that gradually lead to the generation of surface or

subsurface cracks; finally, portions of the surface break out. The term

spalling is commonly associated with the formation of flake-like particles from

rolling element besarings and gear teeth. A similar form of wear is exhibited

by brittle, nonmetallic materials in which fracture of the surface leads to

wear fragments.

Miscellaneous Forms of Wear
A number of other recognizable forms of wear will be mentioned briefly

here. Fretting wear occurs when two contacting surfaces encounter oscil-

latory rubbing of small amplitude. Fretting corrosion involves fretting, but

the separated wear particles may subsequently form oxides or other products

which may act either as lubricants or as abrasives. Erosive wear results

from the action of a fluid containing solid particles. Cavitative wear may

occur in a region of rapidly collapsing vapor bubbles which generate local

high temperatures or impact pressures. Oxidative wear results from

chemical reaction with air and may be regarded as a form of corrosive wear.

Thermal wear refers to the removal of materials due to softening, melting,

or evaporation during sliding or rolling.

3.32 Mechanisin o! Adhesive Wear

It has been indicated in the previous 3ection chat , ,ar can originate

from many sources or combinations of sources. However, in cases when

metallic fraction occurs either locally or over the whole surface, the for-

mation, growth, and shearing of metallic junctions govern wear. Under

these conditions adhesion at points of real contacts can occur and the for-

mation of wear particles is a function of interface conditions.



104 CHARLES H. RIESZ

1. The interface between the surfaces is slightly weaker than either of

the two sliding materials. Shearing is limited to the interface, and wear is

extremely small. The presence of surface or lubricant films will be im-

portant in minimizing wear.

2. The interface is stronger than one of the sliding metals and shearing

occurs in the softer metal. Fragments of the soft metal adhere to the

harder metal.

3. The interface is stronger than one metal and occasionally stronger

than the second. Transfer of met&, occurs mainly upon the harder metal,

but fragments of the harder are also removed.

4. The interface is or becomes harder than either metal. This occurs

particularly when identical metals slide on each other; the interface becomes

work hardened, and severe damage occurs to both surfaces.

The above outline by no means covers all situations, but experimental

evidence indicates that the friction will be substantially the same regardless

of the wear mechanism. Whereas all sliding junctions contribute to friction,

only a fraction of the formed junctions contribute to observed wear.

Archard [571 proposed a simple wear model in which a probability

factor is assigned tc represelii this fraction. Consider a single circuTar

22
junction of radius r, it will hve ai. area Pr2 and will support a fraction of

the normal load A p - p. rr where pm is the yield pressure of the metal.

When this junction is sheared, it produces a wear fragment; on the basis of
23observation, Archard considered that a hemisphere of volume --wnr was

representative of the wear debris. The wear fragment is formed during a

sliding distance of 2r so that wear vo!'une per unit of sliding distance is:

1 2 3 1 2AV = -2r) ( i)rr or AV =-3r

Since ir 2 = AP/p , then AV 1/3 (AP/p m). For a statistical number of

junctions, the same relation will apply for each junction, For geometrically

similar junctions, the total wear volume V per unit distance of sliding will

be given by

S-P (3.13)

where P is the total normal load.

The above reasoning implies that each junction formed yields a wear

particle. If the probability that a wear fragment will actually be produced
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from a given junction is expressed by the fraction K, the wear volume

produced per unit of sliding distance is expressed as

V = _K-LP (3.14)
3Pm

To account for the large variations in wear rates, it must be assumed that

the value of K varies over wide limits. For fairly clean surfaces, K may be
in the range 0. 1 to 0. 01 whereas for "mild wear," K may be as low as 10-6.

,. lthough the above derivation involves many simplifying assumptions,

it agrees with empirical findings which state that wear volume is proportional

to load and the distance of sliding, and inversely proportional to the hardness

of the surface being worn. Thus, for example, Holm [58] expressed the

volume of wear In the following manner:

V c P1 (3.15)T In

Here, V = total volume of wear particles formed in distancee., and c is a

dimensionless constant determined by experiment. The similarity of the

empirical Eq. 3. 15 with the derived Eq. 3. 14 suggests that the junction

areas and the shape and roughness of surfaces, within limits, do not in-

fluence adb-•sive wear.

The nature of the wear fragment has been studied by means of models

such as plasticine [59] and of mettls [60]. These studies suggest that trans-

ferred particles are formed when the plane of the junction is not parallel to

the junction. If sliding surfaces, as postulated by Feng [15], become rough-

ened through slip effects, fragment formation might be initiated by this

means.

Cocks [61] found experimentally that plastic shearing takes place in a

direction slightly inclined to the surface, creating wedges or prows of metals.

With flat plates of copper-on-copper and aluminum-on-aluminum, these

wedges are self-sustaining. Such prow formation, with a characteristic

angle of shearing relative to the surface (Fig. 3. 3) is a basic factor in wear

even in deformation processes. Indeed, Rowe and Wetton 162 1 suggested

that strip drawing at light reductions may serve as a large-scale model for

general wear studies.

Since adhesion between the two contacting surfaces controls the proba-

bility of the, formation of a wear fragment, adhcsLor between dissimilar
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S-MOVING SURFACE

~- WEDGE

Fig. 3.3. Mechanism of wedge formation between sliding metal

surfaces [61].

naterlal pairs (Section 3.25) assumes a governing role. Metal transfer is

usually mutual, although it is only to be expected that the wear rate of the

softer material is higher. Materials that show marked adhesion wear at a

higher rate; thus, in the experiments of Golden and Rowe [63], an aluminum

alloy gave steady wear on tungsten carbide irrespective of the surface finish

of the carbi le, while copper provided a low rate that was governed more by

the surface roughness of the carbide. Wear of aluminum was controlled

by adhesion, and an abrasive mechanism more like machining was active on

copper.

3.33 Abrasive Wear Mechanism

Abrasive wear, as defined in Section 3.31, is frequently encountered in

metal finishing operations. Thus, two-body wear is found with files, abra-

sive papers and cloths, and abrasive wheels; the three-body type of w -r Is

otserved in polishing and lapping.

Assuming an asperity of a conical shape the following expression can be

derived for the rate of wear [4]:

d = p c (3.16)
Pm

where I is the distance traveled, P is the load, pm is the penetration hard-

ness of the softer surface, 0 13 the angle at which the cone cuts the surface,

and cot 0 is a weighted average for all individual cones. The expression is

similar to the one derived for adhesive wear (Eq. 3. 14), but 2 co /yt/n has
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replaced K/3. While real asperities are more likely to resemble truncated

cones, the expression also satisfies the empirically derived relation which

states that abrasive wear rate is proportional to the load and distance of

sliding and is inversely proportional to hardness. Expressions for abrasive

wear rates are given by many authors including Rabinowicz [5], Mulhearn

and Samuels [64], Goddard and Wilman [65], and Kragelskli [4].

3.34 Corrosive Wear Mechanism

Corrosive wear in machinery elements is normally a mild form of wear,

but it can become serious at high temperatures. Under these conditions, it

is possible that corrosive constituents of the environment (either present in

the gaseous phase or derived from the liquid lubricant) first attack the sur-

face followed by subsequent mechanical action that removes the corrosion

products. In other circumstances, the frictional processes first produce a

wear debris which is subsequently transformed by corrosion.

Oxidation, which may be regarded as a variant of corrosion, is often

beneficial because the oxidized film serves to part the surfaces that other-

wise might adhere strongly and cause wear at a high rate or possibly seizure.

3.35 Wear in Metalworking Processes

Wear in metalworking processes is difficalt to categorize, partly because

more than one mechanism can operate and partly because the deformation

processes themselves are so different. In principle, all wear mechanisms

may occur, but their importance varie3 with the workpiece and die material

and with the process conditions.

Adhesive wear is, by and large, undesirable because in its more serious

forms it is a consequence of lubricant breakdown which leads to pickup of the

workpiece material on the die; scoring then accelerates the process and

catastrophic failure soon follows. Out of necessity, controlled forms of

adhesive wear are sometimes tolerated--for example, in the hot rolling of

aluminum, where a coating of aluminum develops orn the rolls and, if well

controlled, contributes to productivity by allowing heavy reductions without

serious impairment of surface quality (Section 6.51). Because large areas

of virgin surface are exposed in all processes that result in substantial

plastic flow, there is always danger of adhesion, and it is usually one of the

prime functions of the lubricant to prevent this by efficient parting of the
surfaces.
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Once the object of eliminating adhesion is achieved, abrasive wear

becomes the predominant mechanism. In the absence of a liquid lubricant,

the workpiece material petnetrates into minute depressions present in the

tool surface. Some of the filled-in portions are then sheared off as the body

of the workpiece moves by. If the surface is contaminated, thn. transferred

metal will eventually emerge as loose wear debris, not damaging to the

general process. The nature of the surface layers is, however, very

important. If the oxide layers are deformable or friable, prevention of

metal transfer or pickup is assured; wear is uniform and gradual and results

in a slow change in tool shape.

In the presence of a liquid lubricant, trapping in the microdepressions

of the tool greatly reduces the possibility of metal transfer and thereby the

observed abrasive wear. These conditions, for example, ap-I .v to well-

lubricated cold rolling. Lubricants may also be trapped in d&m.essions

deliberately formed in the workpiece, as by grit-blasting, or in a porous

surface film, as by phoGphating. As a corollary, exceptionally smooth

ecsntacting surfaces can lead to dangerous adhesion ana subsequent abrasion

or scoring because it becomes difficult to assure that an unbroken lubricant

film will intervene between relatively iarge areas in the close conformity

imposed by deformation.

Many metalworking lubricants contain corrosive, "extreme pressure"

constituents added to provide a film of lubricating reaction products. l; the

amount of such additives is too high or the degree of decomposition is

excessive, corrosive wear of the workpiece and of the die can occur. For

example, chlorinated paraffins may lead to the formation of excessive

amounts of hydrochloric acid; since the deformation processes always

generate large areas of fresh, reactive surface, appreciable workpiece

losses can result in conjumction with high temperatures. The nature of the

wear debris or of the product surface provides clues for this type of wear.

Thermal shGck, such as the intimate contact of relatively cold forging

dies or rolls with hat workpieces, can induce minute cracks or crazing of the

die material leading to tool wear. The:emal shock in conjunction with corro-

sive. ýiack is also a distinct possibility as a mechanism of tool wear.

" .igue stresses brought about by bigh cyclic contact stresses lead to

atigue wear, which assumes great importance in the rolls of rolling

In hot rolling, roll wear may be complicated by thermal fatigue
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caused by rapid heating of surface layers in contact with the workpiece,

followed by quenching with cooling water or cold lubricant, Minute sur~ace

cracks ar3 induced (crazing) followed by spalling of wear particles under the

influence of surface fatigue (see also Section 6.29). Similar processes may

occur with forging platens and with tube-piercing plugs. The same mech-

anism probably applies to t'ie ringing type of wear found in drawing (Section

7. 26). Occasionally, corrrsior, accelerates the penetration of fatigue cracks,

resulting in a wear mechc Aism a.kin to stress corrosion.

In some processes t' i unfavorable deformation characteristics of the

metal require that the tooý s and lubricants be subjected to the limits of their

performance. The tool surface may then be exposed to exceptionally high

temperatures sufficient to soften it rapidly; for example, extrusion dies may

be 'washed out" by rapid erosion and plastic flow or, alternatively, the die

openL•g may close up because of plastic yielding in the die. Then again, very

high pressures imposed on a cold extrusion container may cause it to burst

after only a few cycles (failure in low cycle fatigue). Such catastrophic tool

damage is seldom tolerated, and remedy is often found only in a complete

redesign of the process or in a change to a different, less demanding process.

Various aspects of wear ercountered in metalworking processes are

discussed in Sections 5.5, 6.213, and 7.26.

3.4 LUBRICATION

The preceding discussions of friction and wear have dealt mainly with the

sliding of dry surfaces and the role of contacting asperities in developing

friction and wear. However, it was also seen that an interfacial film of low

shear strength can markedly reduce both friction and wear. The means and

mechanisms for interposing lubricant films that will both support the load

and prevent damage or wear of the contacting srfaces will now be considered.

The mechanism of lubrication is most readily specified in terms of the

thickness of the lubricating film. Qualitatively, the lubricant can provide

complete separation and low friction by a thick film of fluid (hydrostatic and

hydrodynamic lubrication) or various thinner fluid films (thin film or quasi-

hydrodynamic lubrication), molecular layers adsorbed on the metal surfaces

(boundary lubrication), surface films formed through a chemical reaction

(extreme pressure or E. P. lubrication), as well as solids deliberately in-

terposed to perform a lubricating function. The various kinds and mechanisms
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of lubrication will be discussed in succeeding sections below, and their

relationship to metal deformation processes will be pointed out.

3.41 Hydrodynamic Lubrication

In general terms, lubrication is Cefined as any means that causes re-

duction of friction and wear, as well as other forms of surface degradation,

by interposing a lubricant between the interface of two load-bearing surfaces

in relative, tangential motion. If the film is thick enough to cause complete

separation of the surfaces, relativw iotion occurs by shearing of the fluid

film and the resisting force is that caused by the viscosity of the lubricant.

Under these conditions, frirtton can be very low and wear Is negligibly

small.

The method of introducing the fluid comprises a further distinction.

It is possible to arrange an antifriction system in such a way that the load-

carrying members are supported by a r 3surized medium. This type of

lubrication is known as hydrostatic lubrication. The medium is often a

viscous fluid but can also be a gas, such as air. Hydrostatic lubrication is

important in metalworking lubrication not only because fluid may be sup-

plied under external pressare as in hydrostatic extrusion, but also because

lubricant may be trapped between approaching 3urfaces, as in rollirg. A

film of lubricant fluid is trapped between the die and tool surfaces approach-

ing normal to ti'e workpiecc and is capable of transmitting the deforming

pressure to the workpiece (Sections 9. 22 and 9.27). Hydrostatic lubrication

!s also a vital aspect in any metal deformation process where surface

roughness is utilized to trap minute Dockets of lubricant; this occurs

especially in rolling and drawing operations.

A second method of introducing lubricants makes use of the shape and

relative motion of the sliding surfaces to form a liquid film under sufficient

pressure to separatA the sureties. Known as hydrodynamic lubrication,

this is the system that Is most widely used in machinery elements.

Hydrodynamic lubrication is highly dependent on an important physical

property of the lubricant--viscosity. Hence, as an introduction. it will be

useful to review a few basic 2oncepts, followed by an indication of how

viscosity is influenced by temperature, pressure, and rate cf applying

shear stresses as related to metalworking processes.
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Viscosit,

The concept of viscosity is best illustrated by considering a moving flat

plate of unit area that is separated (in the y direction) at a distance h from a

flat stationary surface by a film of a viscous fluid. The plate moves at a

constant velocity vma under the influence of an applied shear force F, and

each layer of fluid within the film is subjected to shearing at the rate of

dv/dy. The fluid at the stationary surlace has zero velocity while that in

contact with the moving plate has a velocity vma For ideal (Newtonian)

fluids, the rate of shear, dv/dy, is linearly proportional to the shear stress.

The constant of proportionality is q which is defined as Vhe dynamic vis-

cosity of the fluid:
dvr = d7 (3.17)

Since the shear stress r is in units of dyne/cm2 and dv/dy in cm/sec cam,

the c. g. s. unit of dynamic (absolute) viscosity is the "poise" (d~r-e- sec/cm 2).

±n many measurements and calculations, the dynamic viscv,3ity divided

by fluid density is more converient, leading to a second expression of

viscosity, defined as the kinematic -viscosity v. If P is the density of the

fluid, then

17 (3. -18)
P

In c. g. s. units, the kinematic viscosity is in "stokes" (cm 2/sec). For the

low values that occur with normal lubricating oils, the units centipoise (cp)

and centistoke (cs) are customary.

A discussion of methods for measuring viscosity is beyond the scope of

this book, but brief descriptions will be found in the Appendix, together with

a ncmograph showing the interrelationship of scientific and industrial units.

Because viscosity is highly dependent on temperature, it is important

that the temp.;,,ature of meaburement be specified. Ordinarily, pressure is

not indicated since viscosity is customarily determined at atmospheric

pressure. Metalworking processes expose the lubricant to relatively high

pressures where the viscosity may be orders of magnitude higher than at

atmospheric pressure. The effects of tomperature and pressure on lubri-

cants are discussed In Sections 4. 21 and 4. 22.
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Shear Characteristics

Lubricating oils approximate Newtonian fluids particularly under the

pressures and shear rates encountered in most machine elements. It is only

at very high shear rates that the fluids depart from ideality. Porter and

Johnson [66] found that noncompounded mineral oils remain Newtonian up to

shear rates of at least 10- - 106 sec- 1

Non-Newtonian behavior may follow various patterns. Fluids or semi-

fluids whose viscosity varies with the rate of shear can be characterized by

an "apparent viscosity." It can be evaluated in a capillary type viscometer

where it is defined as the shear stress at the wall divided by the mean rate of

shear computed from the Poiseuille equation for flow,

4
8r r/ (3.19)

where Q is the volume flow rate through a relatively long, narrow capillary

of radius r and length 1, a is the applied pressure, and q is the dynamic

viscosity of a Newtonian fluid. The shear at the wall is calculated at ra/2L
3

and the mean rate of shear is 4Q,/7tr . The apparent viscosity Y7 a is then,

4'7 - ar (3.20)
a 8 Q

The apparent viscosity is expressed in fundamental viscosity units 1.. ';ven

rate of shear.

Certain semisolid materials, typified by greases, soaps, and asphalts,

can build up an initial shear yield stress before the material begins to flow.

If the flow then continues at a constant slope, d r/'(dv/dy), there is an analogy

to viscosity, and such materials are termed Bingham solids, These

materials are frequently characterized by their "consistency"; this is a term

describing the degee to which a semisolid material resists deformation.

This property is generally expressed in terms of a penetrometer number,

particularly in connection with greases (Section 4. 25). The study of such

materials is further complicated by the fact that consistency is dependent on

previous shearing history. Thus, an "unworked" grease has a higher con-

s!stency than one which has not been recently subjected to shear. An%

semisolid whose consistency temporarily decreases with shear is known as

a thLxotroplc material. The same term is applied to semiflulds (e. g. , oil

palnts) which become more tluid when ritirred.
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Visc•, lastic Properties of Fluids

Normally hydrodynamic theory is developed on the assumption that the

lubricant is Newtonian. There are circumstances in which shearing strains

are applied at such a high rate that a displacement must be concidered as a

composite of both elastic and viscous components; such fluids are termed

Maxwell fluids. The flow properties of the fluid may be expressed in the

following way:

dLdv de d~v
dv +_ d+ 7 (3.21)
dy dy dy

r +- dr (3.22)
71 G dy

where dve is the velocity component due to elastic shear, dvv is the velocity

component due to ýriscous shear, v is the velocity, G is the shear modulus.

The ratio 77 /G is defined as the relaxation time (in sec) of the fluid. It

is also defined as the time required for the stress originating from a

suddenly imposed shear strain to fall to 1/e of its initial value (e is the

Naperian logarithm base, 2. 7183). The relaxation time becomes significi-

ant when the transit time of a lubricant fluid in the contact zone is of a

comparable magnitude. Typical mineral oils will have relaxation times in

the range 10-4 - 10-8 sec.

In metalworking processes, actual speeds are not excessive, but the

strain rate in the lubricant film may reach very high values. Furthermore,

pressures attained in many metal deformation operations can readily solidify

the lubricant (Section 4. 21). Thus, the ratio of ?I /G can be sufficiently high

to be of consequence in detailed calculations,

For further information concerning studies on visco-elastic properties

of viscous oils, refer to Milne [671, Barlow and Lamb [68], Dyson [69], and

Novak and Winer [709.

Hyrodynamic Theory

Tower [71] made the first experimental czservation on the pressure

generated by a thin flu~d in a bearing. Reynolds -21 derived the classical

equations of hydrodynamic flew that have formed the basis for hydrodynamic

lubrication theory.

The physical process leading to the generation of ii pressure within a

converging oil film can be illustiated in terms of a plane wedge or tilting pad
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bearing shown in Fig. 3.4 [73]. The tilting pad CD is stationary, and the

opposing surface moves at a velocity v. The space between the two surfaces

is flooded with a viscous lubricant. Since the pad is stationary, the oil

velocity at C is zero but on the moving surface it is v. The average velocity

of the oil, assuming a linear velocity profile, is v/2 and for an inlet gap

h, the oil flow is (v/2)ht per unit of wedge width. With the same velocity

asst mption, the flow of oil at the outlet is (v/2)ho. Since h. > ho, the indi-
1 0

cated flow of oil into the gap appears to be larger than that out of the gap.

This is, of course, not possible with an essentially incompressible fluid,

and pressure builds up in the bearing. The entering oil has to work against a

positive pressure gradient, as shown in Fig. 3. 4. This distorts the velocity

profile so that at the entry point, it is concave rather than linear and the

inlet flow is less than (v/2)hi. Similarly, the increased pressure at the

outlet increases the outlet flow of lubricating oil and the velocity profile is

changed from linear to convex. The velocity distribution distortion at all

points between C and D is such that the area under the curve is identical and

flow past each point is identical.

Experimental studies and mathematical analyses have indicated that

many bearing geometries lead to pressure profiles such as that shown in

Fig. 2.4; a maximum value of pressure pmax Is always found for a particu-

lar gap spacing h. The Reynolds equation in one dimension (since side flow

in a wide bearing is negligible) is derived in the following form:

L = 61v h-h (3.23)
dx h3

Pmoz

p I

C 
L1

0"
hi V h .

Fig. 3.4. Tilting pad bearing, velocity and pressure profiles [731.
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This equation shows the essential feature of hydrodynamic lubrication-

namely, that the pressure increases with the veloc4.ty v of the moving surface

and with lubricant viscosity -q. In some metalworking processes, particu-

larly in rolling and wire drawing, the die (roll) and workpiece surface define

a narrowing entry zone that may encourage hydrodynamic wedge formation

in the same way as in the tilting pad baring. Most of the time, the viscosi-

ties and velocities are not high enough to generate an uninterrupted fluid

film with the usual geometries, but die designs have been successfully

modified to assure practically full fluid conditions. In wire drawing, if a

tube is placed in front of the die with a small clearance between ihe tube and

the wire, sufficient pressure is developed to deform the wire plastically

before it enters the die [74]. This aspect is fully reviewed in Section 7.27;

the role of hydrodynamic lubrication in other metal deformation processes

is amplified in Sections 6.21-6.23, 8.21, 10.23, and 11.21-11.24.

The discussion of hydrodynamic lubrication has been limited here to

that in one dimension. The development of the Reynolds equation for two

and three dimensions may be found in treatises on the subject by many

authorities including Cameron [73], Tipei [75], and Pickus and Sternlicht [76].

3.42 Elastohydrodynamic Lubrication

In the classical hydrodynamic treatment of lubrication two important

assumptions are that the physical properties of the lubricant are not affected

by pressure and that contacting surfaces are rigid. However, as the load

carried by the bearing surfaces is increased, these assumptions can no

longer hold. Pressure can greatly increase lubricant viscosity and, even

more important, the mating surfaces can deform elastically. In consequence,

effective 'Lubricant films exist under conditions and thicknesses not allowable

according to hydrodynamic theory. Modern elastohydrodynamic treatment

involves the simultaneous solution of the classical hydrodynamic equation

(including a function describing variable viscosity) and the equation for

elastic deformation, The study of all these variables is complex but amen-

able to solution by a digitai computer.

Dimensional analy'iis [77J suggests that h is governed by three dimen-

sionless parameters:

h L 1f) a E (3.24)R f , E'R
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The term w is load per unit width, R is radius of curvature, E' is a reduced

Young's modulus defined for the two contacting materials as
2 + 22

E' 2 E + (3.25)2 1 E2

where v 1 and v 2 are Poisson's ratios and E and E 2 are Young's moduli for

surfaces (1) and (2). In Eq. 3.24, i7o and a p are the dynamic viscosity and
the pressure coefficient of oil viscosity at entry conditions.

The dimensionless groups of Eq. 3. 24 may be replaced fcr convenience

by L (load parameter), U (speed parameter), and M (materials parameter),

respectively. On the basis of solutions covering a wide range of conditions,

the following relationship indicates the conditions governing the minimum

film thickness ratio (H* = h/R).

M06 0.7

H* = 1.6 M 0.6 (3.26)
L0.13

This expression shows that, under elastohydrodynamic conditions, the

minimum film thickness is rather insensitive to tVe applied load, and is

governed mainly by the press, re-viscosity characteristics of the lubricant

and the elastic properties of thie metal. The existence of the elastohydro-

dynamic regime under conditions usually associated with boundary lubrica-

tion has been repeatedly confirmed. Archard and Kirk [78] noted that with

mineral oils containing no additives, the load could-be increased to values

sufficiently high to cause bulk plastic deformation without a breakdown in

lubrication. Elastohydrodynamic lubrication in deformation processes is

probably limited to the elastic contact zones in the rolling of thin strips.

The basic theory applies to perfectly smooth surfaces, while in practice

all surfaces exhibit roughness. Asperities may be expected to penetrate thin

films and, indeed, elastotydrodynamic films usually survive only when the

average or equivalent film thicriness is comparable to the average level of

surface roughness. On the more positive side, the roughness of the surface

may help to maintain a lubricating film, partly by trapping lubricant within

the interface, and partly by the development of localized lubricant wedges on

asperities giving hydrodynamic lift. Details of this microelastohydrodynamic

action are still debated [79-81).
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The importance of surface roughness cannot, however, be overerpha-

sized. t)ugher tool surfaces are likely to lead to an earlier penetration of

hydrodynamic or elastohydrodynamic films, and the rapid increase of

friction with increasing roll surface roughnecs in cold strip rolling (Section

6.27) provides direct proof. In contrast, beneficial effects are noted when the

workpiece surface is purposely roughened either by mechanical (Section

4. 52) or chemical (Section 4. 4) means. Surface pockets trap lubricants [82]

and the lubricant-a viscous fluid or a semisolid-is compelled to enter the

critical region between tool and workpiece where the new surfaces are being

generated. The lubricant trapped in the pockets assures some measure of

hydrodynamic lubrication and functions hydrostatically throughout the metal

deforming process.

3.43 Plastohydrodynamic Lubrication

The term covers the application of hydrodynamic theory to conditions

where a full-fluid film separates the deforming tool (die) and plastically

deforming workpiece. Theoretical treatment requires a solution of the

hydrodynamic equation simultaneously with equations describing the variation

of viscosity with temperature and pressure as well as equations describing

the plastic flow of metal. A few solutions have been produced and will be

discussed under rolling (Section 6. 21), extrusion (Section 8. 21 and 10. 23),

and wire drawing (Section 7. 27). The solutions are rather complex, and

experimental verification is available for only a few sets of conditions; the

problem deserves much more theoretical and experimental attention.

3.44 Regimes of Lubricating Mechanisms

The basic expression of hydrodynamic lubrication (Eq. 3.23) indicates

that film thicki..,ss in a bearing is governed by the applied load, the vis-

cosity of the lubricant, and the velocity of sliding. The same factors deter-

mine the importanco of the measured coefficient of friction and, following

Hersey 183], it has become customary to use the nondimensional expression

ZN/11 where Z is viscosity (denoted by Y7 everywhere else in this book), N

the shaft speed in a bearing in rpm, and P the load per unit projected area.

Experimental work such as that first conducted by Stribeck 16-1] may thern be

described by curves similar to those showni in Fig. 3. 5.
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Fig. 3. 5. Stribeck curves, describing lubricating regimes.

When viscosity and speed are high enough to maintain a thick film that

fully separates the •wo contacting surfaces, friction is low and reaches a

critical minimum value at an optimum ZN/P combination. This is custom-

arily regarded as the low end of the hydrodynamic lNbrication regime although

it is more likely that, in most practical systems, elastohydrodynamic

lubrication prevails around this point. At lower ZN/P ratios the film is too

thin to assure complete separation of the surfaces, asperWty contact ensues,

and the coefficient of friction rises steeply unil boundary conditions prevail

over the whole surface. Friction is then relatively high and is no longer

dependent o., the physical properties of the lubricant or on the velocity of

sliding. The intermediate regime-variously described as quasihydrodynamlc,

thin film, or mixed lubrication-is of particular importance in metalworking

lubrication because true bydrodynamic lubrication is seldom achieved, and

Durely boundary lubrication is often objectionable because of the relatively

high friction. The existence of mixed or quasihydrod.-namic lubrication has

been repeatedly deduced from observations in metalworking experiments.
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"Hydrodynamic pockets" (caused by entrapment of the fluid) and a dropping

coefficient of friction with increasing speed suggest a hydrodynamic mech-

anism while the surface damage and high friction evident in the absence of

suitable boundary lubrica&its iffdicate that at least some of the surface is

exposed to conditions that lead to boundary contact (Section 6.21 and 7. 23).

There is no strict treatment of the mixed friction regime available.

Vogelpol [85] suggested that friction in the mixed regime can be defined as

(3.27)

where $ = the fraction of surface area in boundary contact; P B = the

boundary coefficient of friction; P H = the hydrodynamic coefficient of friction.

However, this formula is no more than a restatement of the definition of

mixed lubrication and is of no particular practical value since 0 is unknown.

The importance of the ZN/P concept is that, in the hydrodynamic regime,

equivalent processes can be compared despite fairly wide differences in

viscosity, speed, and specific ioading. Also, an estimate can be made of

the approach of boundary lubrication as the variables are changed, provided

that identical physical units are maintained.

The ZN/P parameter gained widespread acceptance because of its

usefulness in practical bearing applications. However, Sommerfeld [86]

had earlier obtainc -A a solution for wide cylindribal bearings. This solution

shows that the periormance of geometrically similar bearings can be described

in terms of a nondimensional parameter,

p ~) (C2

It will be noted that the "Sommerfeld njumber," widely used in bearing theory

and studies, is inverse to the ZN/P parameter but carries in addition, the
2dimensionless "shape" term, (C/R) , where C Is the radial clearance and

R is radius. In the operation of a journal bearing, this rat.o defines an

eccentricity of the bearing that in turn produces a convergence of surfaces

and -enerates a pressure wedge that is characteristic of hydrodynamic lubri-

cation. This was illustrated previously in terms of a tilted pad bearing in

which :. converging wedge is created. Occasionallv, and rather looselv,
qualitative features of lubrication regimos are discussed with reference to the
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"Sommerfeld number." In metalworking lubrication, this is taken in the

reciprocal form and is essentially used to denote the group ZN/P.

3.45 Boundary Lubrication

The previous discussion has emphasized that as the lubricating film is

made extremely thin-for example, by high local loads or by the extension of

surfaces-an exceedingly thin layer of perhaps molecular dimensions can

remain to separate the contacting surfaces. This type of lubrication was

first examined by Hardy [87], who termed it boundary lubrication. It is

generally found that bulk properties of the lubricant (such as viscosity), are of

little importance, but that the chemical constitution of the lubricant and that

of the underlying metal assume great significance. In metalworking processes,

bulk deformation of the workpiece produces chemically reactive, new (virgin)

surfaces. These must be lubricated to avoid adhesion; an effective way of

accomplishing this objective is to interpose boundary lubricant. in the vital

interface between tool and workpiece. Extremely thin boundary films prevent

the disastrous consequencep of metal-to-metal contact, and efficient metal

deformation can ensue.

The following discussion will indicate the mechanism of boundary lubri-

cation as distinct from extreme pressure and solid film lubrication, both of

which also provide thin separating films but operate through mechanisms

clearly different from boundary lubrication.

Experimental Obser"ations

Boundary lubrication has been studied extensively, and the results of

experimental studies are useful for descriptive purposes. The most per-

tinent comments may be summarized as follows:

1. Boundary lubrication depends on the chemical nature of the under-

lying metal as well as that of the lubricant.

2. Layers only a few molecules thick can provide effective boundary

lubrication.

3. The bulk viscosity of the lubricant has no significant effect upon

its boundary frictional behavior.

4. Coefficients of friction of effective boundary lubricants lie in the

ranr•r 0. 01-0. 1 (as compared to p = 0. 005 in hydrodynamic journal

bearings).
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5. The frictional force is independent of the speed of sliding; however,

an increase in bulk temperature could desorb or destroy the boundary lubri-

cant.

6. Friction and surface damage depend upon the chemical nature of the

lubricant and the products of reaction between the surface and the lubricant.

7. The boundary frictional behavior will be influenced by the surface

factors involving temperature, presence of moisture, oxygen, or various

surface contaminants; in general, these factors are evaluated in terms of

altering the chemistry of the boundary lubricant-metal surface reaction.

8. Roughness may influence boundary lubrication indirectly. In

metalworking processes, the lubricant may initially function hydrodyna-

mically, but eventually the trapped lubricant functioru hydrostatically to

support the load. Further plastic deformation of the workpiece then

utilizes the lubricant as a thin boundary layer to maintain tool-workpiece

separation.

Test Methods

Since boundary lubrication predominates at high local loading and low

speeds, experimental test arrangements frequently use a loaded hemis-

pherical slider of a few millimeters radius sliding over a flat plate (Fig.

5.9a). With a few kilograms of load, a well-defined track is impressed on

the plate. While details of design may vary, the testing apparatus always

includes means for measuring the frictional force ajid, from the known load

and frictional force, a coefficient of friction may be calculated. This,

together with an assessment of the surface damage observed in the track,

provides a good me asure of lubricant performance. Machines built with

springs as the for.;•i-,aeasuring devices are prone to develop stick-slip

(Section 3. 24) that may also be used as a qualitative indicator of lubrAcant

performance.

Boundary lubri ation studies are frequently conducted with test machines

of related configuiation; these include pin-on-ring, pin-on-disk, hemi-

spherical slide--on-disk, and crossed-cylinder modee. For lubricant

evaluation, irtdustry tends to use machines primarily designed to show E. P.

effects. Desc-iptions of these machines and a more extended discussion

are included 'n Sectin 5. 27.
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Nature of Boundary Films

The strength of attachment of boundary films covers a wide range and is

a function of the chemistry of the lubricant-metal system. Mineral oils,

extensively used as lubricating fluids, are comprised of hydrocarbons that

are mainly paraffinic and naphthenic in character but also contain some

aromatic hydrocarbons. As products of rofining processes starting with

various crude oils, they may vary widely in composition and their nature

is further discussed in Section 4. 21. Highly refined mineral oils, as well as

synthetic hydrocarbons, are mainly nonpolar.

Industrially used mineral oils contain small amounts of naturally occur-

ring polar constituents as well as polar compounds (usually fatty oil de-

rivatives) added for specific purposes including boundary lubrication. These

polar molecules contain a permanent imbalance of electrical fiLIds and hence

a significant dipole moment. When such polar substaitces are adsorbed, a

mirror image of charges is induced in the metal surface that assists in

strong attachment. Layers subsequent to the initial surface layer are held by

weaker forces.

The strongest attachment of surface layers occurs by chemical reaction.

Practical metal surfaces are covered with surface oxides, or hydrated

oxide films. Thus, stearic acid, for example, reacts with the surface

oxide and a chemisorbed layer is attached, as shown schematically in

Fig. 3.6 [88]. Additional layers are held by weaker molecular forces, such

as association and hydrogen bonding.

Blundary lubrication can be effected then by thin layers of lubricant,

but the effectiveness in lubrication will be influenced by the degree of at-

tachment to the surface. As will be. shown later, boundary film attachment

is indicated by the maximum temperpture (transition temperature) at which

effective lubrication may still be expected.

Formation of Boundary Lubricant Films

As the load between two sliding surfaces is increased, Uie lubricant

film becomes thinner and thinner, but lom friction will persist as long as

even one monolayer of a good boundary lubricant 's present to separate the

surfaces. This can be demonstrated by an experiment with stearic vicid

(C171135COOH). A small amount of this material is spread, either i1 molten

form (m. p. 69 0 C/ or in solution (e. g., ether), upon the surface of grease

free water ir a trough cort.aning a movable side (Langrnuir trough). A



3. FRICTION, LUBRICATION, AND WEAR MECHANISMS 123

H

H H-c-H H
H-6-H H-C-H --H

H½-ýH H-C-H H-C-H N-C-

wC-;H -OýH H-C-H H-C-H

H-CH H-O H-C-H H-H
H-C WO'H H-6C H H4C'H

H-IH H-O0H 14-H H-ON
H-C,4 H-rH H,-CH 14H IRON

H-C-H HCH H+C-H -H-ý,4 STEARATE
IH-C'H H-OH H-dH H-4H

" 25-30 A
R-O, H-C-H H-C-H "H

RH '~ H.C!H RH~4 H-C-H

H-OH H-C-H H-C-H H-O
IH-SH H-C- H-SNH H-C-

H-FH H-C-H 0+-C-N H-PH

H-C-H H-C-H H-C-H H'

Ffg. 3.6. Stearic acid adsorbed on an iron surface [881.

uniform, ir.onolayer film of parallel aligned molecules is formed with the
polar 6nds (- COGH) adjacent to the water surface and the hydrocarbon t..il

(C1 7 P.3 5 -) e'~ending normal to the water. By bringing a metal specimen
through such a film, known numbers of molecular layers of acid can be
deposited on the surface. The friction of i monolayer is initially the same

as t•at of multilayer films (Fig. 3. 7); however, repeated traverses over

the same path demonstrate that multilaycr films are more durable and
resistant 0o wear [2].

The study of boundary lubrication was pioneered by Hardy [87] during

the period 1918-1932; Langi-uir [89J was the first to demonstrate that a
monomolecular film of a fatty acid on glass could decrease ifrictio to low
valaca. Many investigations have since proven that monolayera of not only
fatty acids, but also fatty alcohols, amines, esters, metal soaps, cmd other

cthmpougds provide boundary lubrication
The importance of chain length was first dcmonstrated by Hardy [8§],

whio found that the longer carbon chain compounde give lower friction. tEvcn

p.-raffinic hydrocarbcns can provide lubrication, but lower members of the
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Fig. 3. 7. Wear of stearic acid filhns dep-3slted on stainless steel [2].

series which are liquid terd to allow sti%.;k-slip motion to occur whereas

higher, solid members (paraffin wax) give, smooth sliding. The very short
chain fatty acids also give stick-slip sliding, but transition co smooth sliding
occurs with solid members of the series even on unreactive surfaces such
as glass or platinum. In general, it is fo-imd that both solid paraffins and
solid fatty acids provide less effective :ubrication when their melting points

azr exceec~d

On reactive suifaces, siic0, as iopper, fatty acids will lubricate at
temperatures above thp mnlting point of the acid (Fig. 3.8). Thus, a 1%
solution of lauric aeid (C 1 Hz 3 COO ) in a hydrocarbon liquid carrier can be
used to deposit a film that is Pffectivc ncQ only up to '4WC, the melting point
of lauric a'cid, but up to 1100C, which is the melting point of the n'•tal soap,

copper laurate. Thus the effective boundary lubricant is a film which has
formed by reaction with the surface or alternatively could be supplied in the

reacted form as a metal soap. This can be confirmed by the use of copper
lauratc on a., unieactive surface; copper laurate thus lubricates platinum up
to a temperature of II0%k, Bounwtay iubr.ca .on action is most effective
if solid filmd of low sherr Atrength are ,nterposed between the sliding sur-

faces or if uolld films are formed by -euction In the latter case, chemical

I'
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Fig. 3. 8. Role of temperature on the lubrication of copper by various

fatty acids [2].

reactivity of the surface becomes an important factor. This is shown in the

experiments conducted by Rowe [90]. While sei7.ure of ciean, outgassed

copper was prevented by admission of caproic acid (C 5H 11COOH) vapors,

frictioni still remained higha. Admission of oxygen and/or water vapor,

greatly speeded the formation of a metal scap film and markedly reduced

friction. Since most metals exposed to the atmosphere normally have surface

films containing both oxides and moisture., the formnation of boundary layers

is generalily quite rapid.

Menter and Tabor (911 showed by electron diffraction that th~ere is a

short-order regularity o~f fatty acid monolayer that is reduced with increasing

temperature; at a critical transition region, characterized by steeply rising

friction, the ofientation becomes random. On nonreactive metals, this

transition temperature is close to the bulk melting point of the acid whereas

on reactive metals it is near to the nmelting point of the appiz'priate metal

soap). Further Ftudi-Ls by Chapman and Tabor 1921 indicated that the hydro-
carbon chains are more closely packed on reactiv6 metals thtan 'an no-n-

_)active metals. The increased lateral cohesion on reactive mutals thus
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partially accounts for the improved boundary performance of such layers.

Conversely, when the soap layers become completely disoriented upon

melting, lateral cohesion is again lost.

The preceding discussion depicts boundary lubrication in tk±ms of

idealized monolayers. In practical applications, the boundary lubricant Is

supplied at rather low concentrations (typically 0. 5-5%) in essentially non-

polar mkieral oil carriers. This has two consequences: first, the boundary

film absorbed at the surface is formed by co-deposition of the carrier fluid

(Zisman [931 ); second, a partially aligned (oriented) surface film of 103-.105

Athickness is formed that has a much nigher viscosity than the bulk of the

lubricant and, near the surface, behaves like a plastic solid [94, 95]. There,

is a particalarly steep rise in viscnsity when the chain length of the boundary

additive and the carrier are exactly matched [96]. Thence observations

afford at least a partial explanation of the aurprisingly high efficiencies

frequently attained by practical lubricants containing boundary additives or

additive mixtures.

Above the melting point of soap films formed on reactive metals, friction

is higai but some evidence of boundar- lubrication persists until the tem-

perature becomes high enough to desorb the lubricant. Metallic friction is

then observed.

Mechanism of Boundary Lubricated Slidin

The mechanism of boundary lubrication of perfectly smooth surfaces is

readily depicted in terms of shearing taking place within the boundary films.

It has been possible experimentally to prepare surfaces with no asperi-

tics by careful cleavage of a mica sheet so that flat areas may extend over

several square millimeters. These surfaces will, after exposure to air and

upon pressing together, exhibit a tangential shear strength comparable to

that of the original solid. By interposing a monolayer of boundary lubricant,

Bailey and Courtney-Pratt [971 were able to determine the shear strength

of calciuin steaz ate, a metal soap commonly used as a boundary lubricant.
2

The observed monolayer shear strength was 250 g/mm . A comparison of

this value with the bulk shear strengths of metals (c. g., 16 kg/mm2 for

copper) indicates the potential effectiveness of uninterrupted boundary

lubricant films. Cameron [981 estimated the shear strength of boundary

organic films from the van der Waais forces due to the interaction of
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external hydrogen atoms. His estimates of shear strength are of sufficient

magnitude to account for observed friction forces.

Real surfaces are never ideally smooth; the boundary film may be
penetrated by metallic asperities, and metal-to-metal contact may contribute

appreciably to friction. If the applied load is supported over a contact area

Ar and metallic junctions form over a fraction m of this area, the force re-

quired to shear the interface will be the sum of two shear terms, one due to
the shear strength of the metal r and one due to that of the lubricant r

F = AA r+(1-m)rj] (3.28)

The contribution of metallic junctions to boundary friction can only be esti-

mated approximately but appears to be rather small. It is much more

important that the lubricant inhibit junction growth (Section 3.22) and thus

reduce friction to the practically observed, relatively low values.

Other Theories of Boundary Lubricp'.Aon

There is no universal agreement on the simple boundary lubrication

mechanism given above. In general, Russian investigators frequently de-

scribe boundary friction in much more detail based on considerations of

friction as a combined molecular-mechanical process. Akhmatov [7] has

summarized much of the detailed molecular viewpoint of boundary lubrication.

Boundary lubrication theory based on the Rehbinder effect is particularly

different from Lie adsorption theory. It relies on the observation that the

resistance of single crystal metals to deformation and fracture in tension is

lowered in a surface-active environment. Typical experiments include ten-

sile tests with tin, lead, and copper single crystals submersed in low con-

centrations (e. g., 0. 2%) cd fatty acids and alcohols (e. g., oleic acid, cetyl

alcohol). Originally, the effect was attributed to a penetration of the surface-

active molecules into inicrocracks of the surface and, more recently, it was

suggested that the surface free energy is lowered. In polycrystalline metals

and alloys, Rehbinder effects are also possible, but the evidence is much

less striking [99-101].

The interpretation of the Rehbinder effect has been a matter of con-

troversy over the yenrs. Recent work by Kramer and Haehner [102] indicate

that dissolution of strain-hardened free layeris by the surface-active medium

leads to a reducticm of dislocations anJ thus to a lowering, of tensile yield

strength. This view has been corroborated by Barlow [1051, who found that
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carbon tetrachloride changed the strain-hardening characteristics of copper

in orthogonal metal-cutting experiments.

The applicability of the Rehbinder effect to metal deformation processes

is not clear. Except for sheet metalworking, all processes involve com-

pressive deformation, for which no comrparable reduction in yield stress has

been noted. Nevertheless, Veiler and Uikhtraan [iLe4 suggest that "plastici-

zation" of the metal surface occurs in the presence of surface-active com-

pounds and causes a reduction in deformation forces. The nature of the

postulated plasticization is not specified. It would seem that the more usual

boundary lubrication theory adequately explains the measured force reduction.

3.46 Extreme Pressure Lubrication

Boundary lubricants and their reaction products fall to give adequate

surface protection at elevated temperatures since the surface film melts or

decomposes. In order to protect sliding metal surfaces at higher tempera-

tures, certain compounds containing active chemical groups are included in

the lubricant. Although originally developed to meet sliding situations where

high and localized pressures were known to exist, the actual function of

these "extreme pressure" additives is to lubricate at relatively high tem-

peratures, typically up to 300-400'C.

The most commonly used E. P. additives are organic compounds con-

taining chlorine or sulfur. These are not normally reactive, but they de-

compose at hot spots induced by frictioi and react with the metal to form

chlorides or sulfides. The properties of a film deposited on a steel surface

are those of Iron chloride or iron sulfide. The relative actions of a boundary

additive (5% oleic acid) and a chlorinated paraffin (40% chlorine content) con-

tained in a mineral oil are illustrated in Fig. 3.9 [1005]. It is evident that

the boundary lubricant gives low friction below about 140 0C. Reaction of the

chlorinated additive with the metal surface begins at about 2000C to cause a

decrease in friction which persists up to about 3000 C. Commercially com-

pounded oils contain appropriate boundary and E. P. additives that lubricate

metal surfaces over a wide temperature range. It is also not uncommon for

a given E. P. additive to c-ontain several reactive groups with apparently

different functions.
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Fig. 3.9. Influence of t~emperature upon bouidary and E. P. Lubrica-

tion [105].

On steel surfaces, it is fount that the maximum temperature is higher

for sulfur-containing E. P. compounds than for chlorine-containing com-

pounds. This action can be interpreted in terms of the behavior of iron

chloride and iron sulfide films deposited on steel surfaces in a vacuum [106].

In common with oth'- lamellar crystals, iron chloride exhibita low friction;

therefore, a chloride film gives low friction up to about 3000C when iron

chloride sublimes. Iron sulfide is stable up to about 7500C, but its friction

is somewhat higher. In air, the relative usefulness of these compounds may

change since the sulfide films can readily oxidize.

Other E. P. additives are known including phosphorus-, boron-, and

iodine-containing compounds. In general, all form some type of metal

surface film that exhibits a high resistance to penetration, a low shear

strength, and a low friction interface that in metalworking processes ef-

fectively separates the die and workpiece. Further discussion of E. P.

compounds and specific mechanisms of action may be found in Section 4.23.

It is evident from this qualitative picture that the performance of E. P.

additives requires an extremely delicate balance of chemical reactions. On

the one hand, the formation of a surface reaction filn is required at tem-

peratures where welding and adhesion might otherwise occur. On the other

hand, the reaction of the additive must not be so great as to cause excessive

corrosion. As a chemical reaction, this process is time-dependeit. In

metalworking lubrication, this action must occur in a particularly short
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tirae since new and reactive surface is generated at high rates and it is

important to prevent metal pickup by the tool. It is also necessary to rc-

cognize that, in mo~t Instances, only one passage or contact between work

and tool occurs in contrast tG multiple contacts in machine elements. Thus,

an excessive amount of E, P. additive may not lead to the desired lubrication

effect because of low reactivity yet may result in subsequent corrosion or

surface damage of the product upon storage.

The kind and concentrations of E. P. additives are usually dictated by

specific process conditions and metals. For lubrication at relative low

temperatures, boundary lubricants will be most effective; but as the tem-

perature of the interface increases, E. P. action becomes necessary to avoid

metal-to-metal contact. Some metals, including titanium and stainless

steels, do not react readily with boundary lubricants, so pickup occurs; thus,

the use of E. P. additives is indicated as a possible solution. The subject is

exceedingly complex, but the basis for lubricant formulations described

under specific metalworking processes can be interpreted within the frame-

work of the above mechanisms.

3.47 Solid-Film Friction and Lubrication

The lubrication of sliding metal surfaces can be accomplished, as we

have seen, by thick films under hydrodynamic conditions, thin surface films

under boundary conditions, and by solid films formed at slightly elevated

temperature by Lhemical reaction with the metal substrate in E. P. lubrica-

tion. Surfaces can a.i ' be lubricated effectively by various solids of re-

latively low shear strength interposed between sliding surfaces. These solid

films can be oxides or v,•rious other solid substances and, in particular,

solids with a lamellar structure, the most important of which are graph!te

and molybdenum disulfide. In tWAs section, only the mechanism for the

action of thin solid films is presentpd. A more detailed discussion of

various solid lubricants and their mode of action will be found in Sections

4.24-4.28.

Lubrication by thin solid films can be visualized in terms of a simple

forging operation, that of the axial upsetting of a cylinder (Fig. 2. 16). If a

cylinder of a h rii material, such as steel, is upset between flat platens with

two thin layers ef u soft, ductile material such as copper acting as a film of

lubricant, the dec.'-ase l,, thickness will be accompanied by an increase in
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contact area. The resulting outward surface flow will induce shear strebs in

the thin copper film. As shown by Fig. 2.16a, a fr.ction hill develops and

the coefficient of friction may be readily obtained from Fig. 2.20a. If

friction is very low, plastic flow can be expected to occur when the interface

pressure p reaches ao, tho uniaxial yield stress of the stezl workpiece

materiil. The thin copper sheet is sumultaneously subjected to a shear

stress r, and plastic flow will occur when it reaches the shear yield stress

1o. In any element of interf,,cial area AA, the normal force AP will be

p.AA and the tangent.al shearing for AF is r AA. By definition (Eq. 2. 1),

the ratio of these forces gives the coefficient of friction simply as

AF roAA

r0 (copper) (3.30)
a° (steel)

Since r0 (copper) and a0 (steel) are known material constants, p is also con-

stant and readily evaluated (for example, with typical values of 20, 000 and

100, 000 psi, respectively, 1 is approximately 0. 2).

Rowe [1051 analyzed a model comprising a loaded hard ball sliding over

a plate lubricated by a soft metal film. Again, the coefficient of friction is

found to be a function of material properties, but this time ! he indentation

hardness, pm = 3 a0 , appears in t1e denominator because the restraining

effect of the substrate restricts plastic deformation:

r0 (copper)

3 36 (steel) (3.ZI)

This model conforms to the geometry commonly used in sliding friction

e:xperiments (Fig. 5. 9a). The forging model more nearly relates to metal-

working lubricatiin.

From the foregoing discussion. iU is evident that, in principle, any s':lid

material of lower shear strength than the workpiece metal can be used as a

lubricant in metaiworking. Thus, lead has been found effective in cold tube-

draA ing; solid polymers and waxes are often used as are the solid soaps,

such as sodium -r calcium stearate. While the latter may also show boundary

aittachnient, they ar- ,f'.ctive even on nonreactive materials under favorable

circunztan-es by forming f'r•s of low shear strength. Selected crysta~line
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solids, particularly graphite and molybdenum disulfide, exhibit low friction

up to relatively high temperatures; and solids such as Hire, talc, mica, and

vermiculite have also found application.

Discussion of the various classes of lubricants and special mechanisms,

where applicable, is presented in Chapter 4: lamellar solids (Section 4. 24),

soft metals (Section 4.26), polymeric solids 'Section 4.27), and oxides and

miscellaneous lubricants (Section 4.28). Other pertinent topics include

surface preparation (Section 4. 5) and conversion coatings (Section 4.4). The

last procecure forms a surface film that does not lower friction by itself,

but provides a firm key for superimposed, reacted, or infiltrated lubricants.

3.48 Free Rolling

Rolling is an important basic mechanism for certain machine elements

characterized by remarkably low friction. The most familiar examples,

ball and roller bearings, are widely used in industry. The tangential in-

teractions between contacting surfaces are small, and lubricants have

practically no effect upon friction. This mechanism has been termed free

rolling by Bowden and Tabor [3]. Since superficially it might appear that

free rolling and rolling of metal strip are parallel operations, a few com-

ments are presented here.

Early theories of rolling friction a tributed friction to interfacial slip

betweer, the rolling element and the surI.ice. Thus, Reynolds [107] observed

that a metal cylinder rolling over a flat rubber surface traverses R distance

less than its circumference because the rubber is stretched; since the

stretch is not uniform, slip is assumed wo occur. Eldredge and Tabor [108]

showed that even under heavy loading conditions, this type of slip can make

only a minor contribution to frictional losses; it is negligible for metals.

For example, in the initial passage of a hard steel ball between flat parallel

surfaces of a softer metal. #.here is a marked plastic displacement of metal

ahead of the ball. Repeated traversals over the track result in a slow

increase in groove width and gradual decrease in resistance to rolling.

Further studies showed that, regardless of whether the rolling produces

either elastic or plastic deformation, boundary lubricants had no appreci-

able effect [1091. After an equilibrium state is reaelhed because of work

hardening of the metal, a major contribution to rolling resistance Is the

energy lost in elastic deformation of the ball or roll.
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Free rolling, as described above, and rolling in the metalworking sense

are obviously quite different processes. In the former, elastic deformation

is the dominant feature; in the latter, extensive plastic deformation is in-

herent in the process. Because of the elongation of the strip, relative slip

develops between the workpiece and roll surfaces (Section 2.22), and

lubricants are very effective in reducing friction. In "free-rolling" devices

such as ball or roller bearings, however, lubricants are used primarily for

wear reduction purposes.

3.49 Temperature Effects

In metallic friction, we have seen that interfacial contact bett-,izn two

elastically deforming sliding bodies is quite often limited to asperities and

that plastic deformation of these very localized regions occurs. As a con-

sequence, localized high temperatures can be expected. This has been

demonstrated experimentally by Bowden and Thomas [110], who determined

on an oscilloscope the thermoelectric voltages generated by a pair of dis-

similar metals. Instantaneous temperatures of 500 C or more can be

observed, but the duration is short (milliseconds or less). At very high

speeds, surface layers can be melted, particularly when thermal dif-

fusivity is low [1Il]. In Section 4. 27, it will be shown that for polymeric

substances the formation of thermally softened layers is an important factor

in reducing sliding friction.

Bowden and Tabor [2] have shown by a simplified mathematical treat-

ment that for a single junction, the temperature rise AT is given by

AT -= LEV 1 (3.32)4rJ 1 2

where g is the gravitatioral constant, r is the radius of the individual as-

perity, J is the mechanical , -alent of heat, and k1 and k2 are the thermal

conductivities of the surfaces in contact. In practical terms, this indicates

that the temperature rise of a given junction is directly proportional to the

energy generated by sliding contact as characterized by high values of 14,

load, and velocity; it is inversely propt. Llonal to the dimension and thermal

conductivities of the contact. The disiriLution of temperature flashes or

transients varies over a wide range so that, statistically, only a small

number of the total Junctions reach relatively high levels [112].
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In metalworking, two factors act to minimize the importance of surface

thermal transa.ents. First, there is essentially complete contact oW the

sliding surfaces so that the junction midel used in the deril:ation of Eq. 3.32

does not apply. Second, if the metalworking lubricant is effective, the

proportion of localized metallic junctions is small and the high thermal con-

ductivity and mass of the workpiece tend to prevent high surface temperatures.

It would appear, therefore, that even tL.ugh the frictional energy may be

quite large, oirface temperature increases due to sliding friction must be

relatively minor in metalworklng. However, heat generated by general

plastic deformation of the workpiece can be substantial (Chapter 2), and

general temperature increases of 200-3000 C may be possible in cold working.

Temperature rise.s of this magnitude will impair thn effectiveness of boundary

lubricants and may even lead to a decomposition of organic components, but

It may be beneficial Li activating E. P. additives, The effects of temperature

are, however, minimized by :'.e usually very brief time of exposure. An

assessment of the useful and harmful aspects of temperature rise is more

logically deferred to the discussion of individual !eformation processes.

3.5 SUMMARY

The literature available on friction, wear, and lubricatio s monumental

and is gc ving at a fast rate. The survey prese~nted in chapter is based

primarily on evidence gained in experiments in whiich e bulk of the contac-

ting material - does not suffer plastic flow. The validity of such infcrmation

is necessarily limited for deformation processing; nevertheless, a qualitative

picture of the mechanism of friction, wear, and lubrication may be -!;talned

by an extension of the generalized conw-epts.

If deformation proceeds without an intentionaily applied lubricant (dry

frict. n), contact is made initially between asperities of the tool and work-

p•ec%. Laateriai surfaces. Welding of the asperities governed by junction

gfow•h will be only , minor factor in determining the magnitude of friction,

the amount of metal transfer (pickup), aid the degree of wear and surface

damage to the tool and workpiece. The nriJor contribution to these even'ts

will he due to the contact of freshly generated defrm~ng metal with the die,

influenced by factors that limit the mutual adhes,)n, particularly the presence

of surface films of adsorbed gases, contaminants, or oxides.
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In the presence of an appreciable surface film, whether it be a natural

oxide existing on the workpiece or a specifically applied lubricant, lubricating

mechanisms discussed in this chapter may become active. Dry films such

as oxides, lamellar solids, or coherent films of metals or plastics may com-

pletely separate the die and workpiece surface if they present sufficient

resistance to penetration and are capable of following the extension of the

surfaces. When the film thickness is small compared to the roughness of

the tool surface, total conformity with the tool surface is possible and

friction may be high. The situation is rather similar when only surface

films formed by extreme pressure additives or monolayers of a boundary

iubricant are present. In most instances, however, excess lubricant either

of a carrier or of the liquid boundary or E. P. lubricant itself is available,

and becomes trapped in pockets between asperities or larger scale surface

features of the die and workpiece surface. A mixed filh lubrication

mechanism is then likely to prevail; boundary contact occurs only over a

relatively small area of the interface, and the coefficient of friction may be

low because the trapped hydrodynamic film presents little resistance to

sliding.

Fully hydrodynamic films may also develop when the deformation pro-

cess geometry is favorable-that is, converging surfaces are presented,

interface velocity is high, and a lubricant of sufficient viscosity is used. A

film of substantial thickness may also be built up in some processes where

the die and tool surfaces approach at high velocities; such squeeze films

will be discussed in conjunction with forging (Section 9.22)- Continuous,

thick films are provided also by controlled melting of a suitable phase-change

lubricant (Section 8. 34).

The concepts discussed in this chapter have been drawn upon repeatedly

for appraisals of friction and lubrication in metalworking [113-115], and

will be extensively used in Chapters 6 to 11 to rationalize observations in

experimental and industrial deformation processes. The valid'ty of gen-

eralizations is often limited, however, by two basic features of metalworking:

the bu.k plastic flow of the worKpiece material and the consequent generation

of new surfaces. Fundamental experiments in which these conditions are

observed will, no doubt, significantly improve our understanding of

baltc friction, wear, arnd lubrication mechanisms in deformation processes.



136 CHARLES H. RIESZ

REFERENCES

[1]. G.W. Rowe (ed.), Friction, Wear and Lubrication; Terms and De-

imitions, Organization for Economic Cooperation and Development,

Tentative List, Sept. 1966.

[2]. F. P. Bowden and D. Tabor, The Friction and Lubrication of Solids,

Oxford at the Clarendon Press, 1954.

[3]. F. P. Bowden and D. Tabor, The Friction and Lubrication of Solids,

Paft II, Oxford at the Clarendon Press, 1964.

[4], I. V. Kragelskii, Friction and Wear (transl. by L. Ronson), Butter-

worth, Inc., Washington, D.C., 1965.

[5]. E. Rabinowicz, Friction and Wear of Materials, John Wiley & Sons,

Inc., New York, 1965.

[6]. G.A. Tomlinson, Phil. Mag., 7, 1929, 905-939.

[7]. A. S. Akhmatov, Molecular Physics of Boundary Friction, Israel

ProgrErm for Scientific Translations, Ltd., Jerusalem, 1966.

[8]. D. V. Deryagin and I. I. Abrikossova, J. Phys. Chem. Solids, 5,

1958,' 1-10.

[9]. H. Hertz, Z. Reine Angew. Math., 92, 1881, 156-171.

[10]. J. F. Archard, Proc. Roy. Soc. (London), A24. 1957, 190-205.

[11]. J. F. Archard, J. Appl. Phys., 32, 1961, 1420-1425.

[121. M. H. Jones, R. I. L. Howells, and S. D. Probert, Wear, 12, 1968,

225-240.

[13]. J. S. McFarlane and D. Tabor, Proc. Roy. Soc. (London), A202,

1950, 244-253.

[141. F. P. Bowden and G.W. Rowe, Proc. Roy. Soc. (London), A233,

1956, 429-442.

[15]. I. -M. Feng, J. Appl. Phys., 23, 1952, 1011-1019.

1161. F.T. Barwell, Met. Rev., 4, 1959, 141-177.

1171. D. Tabor, Proc. Roy. Soc. (London), A251, 1959, 378-393.

[181. M. Ck'ls, Proc. Phys. Soc. (London), B67, 1954, 238-248.



3. FRICTION, LUBRICATION, AND WEAR MECHANISMS 137

[191. L. H. Butler, Metallurgia, 61., 1960, 167-174.

[20]. B. Fogg, in Conference on Properties and Metrololky of Surfaces,

Institution of Mechanical Engineere, London, 1968, Paper No. 42.

[21]. J. S. Courtney-Pratt and E. Eisner, Proc. Roy. Soc. (London),

A238, 1957, 529-550.

[22]. M.C. Shaw, A. Ber, and P.A. Mamin, Trans. ASME, Ser. D

(J. Basic Eng.), 82, 1960, 342-346.

[23]. H. Lauterbach, F. Lira, and E.G. Thomsen, Wear, 10, 1967,

469-482.

[24]. M. B. Peterson, J. D. Vasilakis, F. F. Ling, and 1. S. Cheng,

Investigation of Friction and Shear in Hot Metai Deformation, Mechanical
Technology, Inc., Final Report MTI-68R19 on Contract NOw 66-0586-c,

Naval Air Systems Command, 1968.

[25]. M. B. Peterson and F. F. Ling, in Friction and Lubrication in Metal

Processing, ASME, New York, 1967, pp. 39-68.

[26]. E.G. Thomsen, C. T. Yang, and S. Kobayasbi, Mechanics of Plastic

Deformation in Metal Processing Macmillan Co., New York, 1965.

[27]. M.C. Shaw, Wear, 6, 1963, 140-158.

[28j. J. B. P. Williamson, in Interdisciplinary Approach to Friction and

Wear, NASA Special Publication No. 181., 1969.

[29]. C. M. Edwards and J. Halling, J. Mech. Eng. Sci., 10. 1968,

101-110.

[30]. C. M. Edwards and J. Halling, J. Mech. Eng. Sci., 10, 1968,

121-132.

[311. F. P. Bowden and L. Leben, Proc. Roy. .oc. (London), A169,

1939, 371-391.

[321. R. F. Tylecote, The Solid Phase Welding of Metals, St. Martin's

Press, Nev.' York, 1968.

133]. M.E. Slkorski, Trans. ASME, Ser. D (J. Basic Eng.), 85, 1963,
279-285.

1341. P.E. Shaw and E.W. Leavey, Phil. Mag., 10, 1930, 809-822.



138 CHARLES H. RIESZ

[35]. H. Ernst and M. E. Merchant, in Proceedings of Special Summer

Conference on Friction and Surface Finish, MIT, Cambridge, Mass., 1960,

pp. 76-101.

[36J. L. F. Coffin, Lubric. Eng., 12, 1956, 50-58.

[37]. H. Takeyama and T. Ono, ASME Paper No. 67-WA/Prod. 3, pre-

sented at Winter ASME Meeting, Pittsburgh, Penna., Nov. 1967.

[38]. A. F. Underwood, in Proceedings of Special Summer Conference on

Friction and Surface Finish, MIT, Cambridge, Mass., 1960, pp. 5-12.

[39j. A. E. Roach, C. L. Goodzeit, and R. P. HInnicutt, Trans. ASME,

78, 1956, 1659-1667.

[40]. C. L. Goodzeit, R. P. Hunnicutt, and A. E. Rnach, Trans. ASME,

78, 1956, 1669-1676.

[41]. E. Rabinowicz, in Friction and Lubrication in Metal Processing.

ASME, New York, 1967, pp. 90-102.

[42]. S. B. Aynbinder and A.S. Pranch, Fiz. Metal. Metalloved., 16,

1963, 760-763.

[43]. E. Navara, Tech. Zpravy VUPM, 4, 1962, 15-20 (transl. by U. S.

Dept. of Commerce, Washington, D. C.).

[44]. L. F. Coffin, Lubric. Eng., 13, 1957, 399-405.

[45]. L. F. Coffin, in R. Davies (ed.), Friction and Wear, Elsevier

Publishing Co., Amsterdam, 1959, pp. 36-66.

[46]. T. H. Hazlett, Metals Eng. Quart., 7 (1), 1967, 1-7.

[47]. H. D. Weise and T. H. Hazlett, ASME Paper No. 66-MET-8, pre-

sented at ASME Meeting, Cleveland, Ohio, April 1966.

[481. J. A. Newnham and J. A. Schey, Investigation of Interhce Friction

Between Tool and Workplece Material Und.- Conditions of Plastic Deforma-

tion, Final Report, Naval Air Systems ComrrmiC, Contract NOw-66-0503-d,

UIT Research Institute, Chicago, Ill., Aug. 1967.

1491. E. S. Machlin and W. R. Yankee, J. Appl. Phys., 25, 1954,

576-581.

[50o. E. Rabinowicz, J. Inst. Metals, 95, 1967, 321-326.



3. FRICTION, LUBRICATION, AND WEAR MECHANISMS 139

[51]. E.S. MachUn, Discussion to Ref. 36, Lubric. Eng., 12 1956,

58-59.

[52]. L. F. C3ffin, "A Fundamental Study of Synthetic Sapphire as a

Bearing Material," presented at ASME-ASLE Lubrication Conference,

Oct. 1956.

[53]. C. Lipson, Wear Considerations in _.siq. Prentice-Hall, Engle-

wood Cliffs, N.J., 1967.

[54]. J.A. Newnhai and J.A. Schey, Trai~s. ASME, Ser, F (J. Lubric.

Technol.), 9 1939, 351-359.

[55]. J.A. Newnham and J. A Schey, to be published-

[56]. J.T. Burwell, Wear, 1, 1957, 119-141.

[57J. J.F. Archard, J. Appl. Phys., 24, 1953, 981-988.

[58]. R. Holm, Electrical Contacts, Springer Verlag, Berlin, 1958.

[59]. A. P. Green, Proc. Roy. Soc. (London), A228, 1955, 181-204.

[60]. J.A. Greenwood and D. Tabor, Proc. I-aya. Soc. (London), 68B,

1955, 609-619.

[611. M. Cocks, Wear, 9, 1966, 320-328.

[62]. G.W. Rowe and A.G. Wetton, Wear, 8, 1965, 448-454.

[63]. J. Golden and G.W. Rowe, Brit. J. Appl. Phys., 10, 1959,

367-371.

[64]. T. 0. Mulhearn and L. E. Samuels, Wear, 5, 1962, 478-498.

ý5]. J. Goddard and H. Wilman, Wear, 5, 1962, 114-135.

[66]. R. S. Porter and J. J. Johnson, Wear, 4, 1961, 32-40.

[67]. A. A. Milne, in Proceedings of the Conference on Lubrication and

Wear Institution of Mechanical Engineers, London, 1957, pp. 66-71.

[681. A.J. Barlow and L. Lamb, Proc. Roy. Soc. (London), A253,

1958, 52-69.

[691. A. Dyson, Phil. Trans. Roy. Soc. London, A258, 1965, 529-564.

[70]. J. D. Novak and W.O. Winer, Trans. ASME, Ser. F (J. Lubric.

Technol.), 90, 1968, 580-591.



140 CHARLES H. RIESZ

[71]. B. Tower, Proc. Inst. Mech. Eng. (London), 1883 (Nov.), 632-659; .

1884 (Jan.), 29-35.

[72]. 0. Reynolds, Phil. Trans. Roy. Soc. London, 177, Pt. I, 1886,

157-234.

[73]. A. Cameron, The Principles of Lubrication, John Wiley & Sons,

Inc., New York, 1966.

[74]. D. G. Christopherson and H. Naylor, Proc. Inst. Mech. Eng.

(London), 169, 1955, 643-678.

[75]. N. Tipel, Theory of Lubrication. Stanford University Press, Palo

Alto, Calif., 1962.

[76]. 0. Pinkus and B. Sternlicht, Theory of Hydrodynamic Lubrication,

McGraw-Hill, New York, 1961.

[77]. D. Dowson and G. R. Higginson, Elastohvdrodn"am c Lubrlcation,

Pergamon Press, New York, 1966.

[78]. J. F. Archard and M. T. Kirk, Proc. Roy. Soc. (London), A26_1,

1961, 532-550.

[79]. R.A. Burton, ASME Paper 62-Lub. 51, 1962.

[80]. F.W. Smith, Trans. ASME, Ser. D (J. Basic Eng.), 87, 1965,

170-176.

[81]. R.S. Fein, ASLE Trans., 8, 1965, 59-68.

[82]. P.R. Lancaster and G.W. Rowe, Proc. Inst. Mech. Eng. (London),

178, 1963-1964, 69-89.

[83]. M.D. Hersey, Theory and Research in Lubrication. John Wiley &

Sons, Inc., New York, 1966.

[84]. B. Stribeck, Z. Ver. Deut. Ing. (VDI), 46, 1902, 1341-1348,

1432-1438, 1463-1470.

(85]. G. Vogelpohl, Oel Kohle, 12, 1936, 943-947.

[86]. A. Sommerfeld, Z. Angew. Math. Phys., 50, 1904, 97-155.

[87]. W. B. Hardy, Collected Works, Cambridge University Press,

Cambridge, England, 1936.



3. FRICTION, LUBRICATION, AND WEAR MECHANISMS 141

[88]. D. Godfrey, in D. Muster and B. Sternlicht (eds.), Lubrication and

Wearj McCutchan Publishing Corp., Berkeley, Calif., 1965, pp.

285-306.

[89]. I. Langmuir, Trans. Faraday Soc., 15, 192ý, 62-74.

[90]. G. W. Rowe, in Proceedings of Conference on Lubrication and Wear,

Institution of Mechanical Engineers, London, 1957, pp. 333-338.

[91], J.W. Menter and D. Tabor, Proc. Roy. Soc. (London), A204, 1351,

514-524.

[92]. J. A. Chapman and D. Tabor, Proc. Roy. Soc. (London), A242,

1957, 96-107.

[93]. W. A. Zisman, in R. Davies (ed.), Friction and Wear, Elsevier

Publishing Co., Amsterdam, 1959, pp. 110-148.

[94]. B. Deryagin, V. V. Karassev, N. N. Zakhavaleva, and V. P. Lazarev,

Wear, 1, 1958, 277-290.

[95]. G. J. Fuks, in B. V. Deryagin (ed.), Researchl in Surface Forces

(translation), Consultants Bureau, New York, 1962, pp 79-88.

[96]. T.C. Askwith, A. Cameron, and R.F. Crouch, Proc. Roy. Soc.

(London), A291, 1966, 500-519.

[97]. A. I. Bailey and J. S. Courtney-Pratt, Proc. Roy. Soc. (London),

A227, 1955, 500-515.

[98]. A. Cameron, ASLE Trans., 2, 1961, 193-198.

[99]. V. M. Korbut, S. Ya. Vefier, and V.I. Likhtman, Dokl. Akad.

Nauk SSSR, 130, 1960, 307-309.

[100]. V. L Likhtman, P. A, Rehbinder, and G. V. Karpenko, Effect of

Surface-Active Media on the Deformation of Metals, Chemical Publishing

Co., New York, 1960.

[1011. V.I. Likhtman, E. D. Shchukin, and P.A. Rehbinder, Physico-

chemical Mechanicb of Metals Israel Program for Scientific Translations,

Ltd., Jerusalem. 1964.

[102]. L R. Kramer and C. L. Haehner, Acta Met., 15, 1967, 67-.



142 CHARLES H. RIE9Z

[103. P.L. Barlow, Proc. Inst. Mech. Eng. (London), 181, 1966-1967,

687-705.

[104]. S. Ya. Veiler and V. I. Likhtman, The Action of Lubricants in

Pressure Working of Metals, Izd. Akad. Nauk SSSR, Moscow, 1960, Un-

edited rough draft translation: Rep. MCL-1389/1+2, Technical Documents

Liaison Office, Wright-Patterson Air Force Base, Ohio, 1961.

[105]. G.W. Rowe, in E.R. Braithwaite (ed.), Lubrication and Lubricants,

Elsevier Publishing Co., Amsterdam, 1967, pp. 1-66.

[106]. F. P. Bowden and J. E. Young, Proc. Roy. Soc. (London), A208,

1951, 311-325.

[107]. 0. Reynolds, Phil. Trans. Roy. Soc. Londoii, 166, 1876, 155-174.

[108]. K.R. Eldredge and D. Tabor, Proc. Roy. Soc. (London), A229,

1955, 181-198.

[109]. D. Tabor, Proc. Roy. Soc. (London), A229, 1955, 198-220.

[110]. F.P. Bowden and P.H. Thomas, Proc. Roy. Soc. (London), A223,

1954, 29-40.

[111]. F.P. Bowden and P.A. Person, Proco Roy. Soc. (London), A260,

1961, 433-458.

[112]. F. F. Ling, Metals Eng. Quart., 7 (2), 1967, 1-3.

[113]. L.H. Butler, Sheet Metal Ind., 33, 1956, 571-577, 647-654.

[114]. H. Ford, J. Inst. Petrol., 40, 1954, 291-294.

[1151. L.B. Sargent, Jr., Lubric. Eng., 21, 1965, 282-286.



Chapter 4

LUBRICANTS

Charles H. Riesz

4.1 Introduction. . ... ..... .................. 144

4.2 Lubricant Types ............................. 145

4.21 Hydrodynamic Lubricants ..................... 145

4.22 Boundary Lubricants ........................... .166
A .23 Extreme Pressure Compounds . .. . . . . ...... . . 177

4.24 Lamellar Solids ...... ....................... 183

4.25 Greases and Waxes ............................ 187

4.26 Metal Coatings ............................... 190

4.27 Polymeric Materials ........................... 192

4.28 Oxides and Miscellaneous Solid .. ubricants ............ 198

4.3 Emulsions . ............................ 204

4.31 Definitions ....... .......................... 204

4.32 Emulsion Theory ............................. 205

4.33 Emulsifiers ................................. 207

4. ,4 HLB Evaluation .............................. 209

4.35 Demulsification ............................ 211

4.36 Bacteriological Attack ......................... 211

4.37 Emulsions of Metalworking Lubricants .............. 212

4.4 Conversion Coatings ............................. 212

4.41 Phosphate Coatings ............................ 213

4.42 Oxalate Coatings ............................. 216

4. 43 Conversion Coatings for Light Metals ............... 216

4.5 Surface Preparat!on ........ ........................ 217

4.51 Oxide (Scale) Removal .......................... 218

4. 52 Abrasive Blasting ....... ...................... 218

4.6 Lubricant Removal and Waste Treatment ................. 221

4.61 Lubricant Removal ............................ 221

4.62 Waste Treatment ....... ...................... 223

143



144 CHARLES H. RIESZ

4.7 Health and Hygiene .............................. 226

4.71 Lubricants ........................ 226

4.72 Acids ........ ............................. 227

4.73 Alkali Cleaners ....................... . 228

4.74 Emulsion Cleaners ..... ... ............ 228

4.75 Dusts . . . ... ................... 228

4.8 Summary ............................. 228

References ........................................ 231

4.1 NTRODUCTION

In all frictional processes, the relationship between the lubricant and

its environment is very complex, and frequently solutions to lubrication

problems are arrived at empirically. For a given process, the lubricant

may be tailored-by selection, compounding, and mode of application-to

meet more severe performance requirements. Most practical lubricants

have been developed in this empirical fashion, but the greatest progress

has been possible when specific mechanisms could be discerned and applied

in a logical manmni. A vast body of information is now available for tubri-

cants used in systems typified by essentially elastic contact. It is beyond

the scope of this chapter to review or even categorize this information.

However, it has become increasingly clear that specific mechanisms opera-

tive with various lubricant classes are relevant also to the performance

of lubricants designed for bulk deformation in metalworking.

Information presented in this chapter is limited to selected functional

aspects of basic lubricants and to their modes of application. The classifi-

cations used are somewhat arbitrary but are generally based on the type

of the lubricants and th• mechanism of their performance which appears

most pertinent and descriptive. Emphaiii placed on new and recent develop-

mr:nts ib deliberate and is designed to direct actention toward areas con-

sidered of greate3t value for potential use and development in metalworking

lubricants.

One feature common to modern lubricants is their complex nature; the

diversity of properties desired for a given application is obtained by the

varied conLributions of - number of constituents or additives. Discussi I

of composite lubricants for metalworking applications is deferred to the

appropriate n-etalworking procesb and, more specifically, to deformation
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processing of a given metal or alloy clars (Chapters 6 to 11). However,

generalized topics pertinent to lubricant dispersion, disposal, surface

preparation, and selected problems peeuliar to metalworking lubricants will

be included in this chapter.

4.2 LUBRICANT TYPES

Lubricants can be crudely divided into liquids, solids, and semi-liquids

(greases, emulsions, and dispersions). Further, accoiding to their mode of

performance, lubricants can be classed as hydrodynamic, boundary, ex-

treme pressure, and solid. The latter classification is, however, more

suited to conventional bearing anC machinery elements than to metalworking

lubricants.

Despite obvious overlaps and poFsible contradictiotn fr detail, the

groupings used here follow the general rule that liquid lubricants provide a

fluid-film lubricating effect and might also assist in preventing metal pick-

up under thin-film, quasi-hydrodynamic conditions; thus, materials that

are normally liquid are included under the category of hydrodynamic lubri-

cants. For application to generally more severe boundary lubrication

situations, substances are classified under the headings of boundary lubri-

cants, extreme pressure lubricants, lattice-layer compounds, soft metals,

and inorganic compounds. This section will discuss the categories of lubri-

cants in the order given above. Later sections give individual attention to

emulsions, coatings, and polymeric materials, and then treat Ohe important

lubricant-related topics of surface preparation, lubricant removal, waste

treatment, and health problems.

4.21 jfydrodynan:ic Lubricants

Historically, lubricants fulfilled only a minor role until the Industrial

Revolution. Most needs were then supplied by various o.ls and greases

derived from animal, vegetable, and ffiall oils. In the latter part of the

nineteenth century, the merit of mineral oil based lubricants, widh respect

to superior temperature and oxidation resistance, was recognized and their

use became wide-spread. After ibout 1920, the rapidly growing automotive

and electrical industries led to the development of modern lubricants. Dur-

ing and following World War IIH, a rapid evolution of aviation lubricants was

triggered and within a decade, space-oilented lubricants became necessary.
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Mineral Oils

Crude oil is a complex mixture, predominantly hydrocarbon in nature,

which can be separated into gas and liquid fractions and asphaltlik. residues

by distillation and other processes. The lubricating oil fraction comprises

complex hydrocarbon molecules ranging from 20 to about 70 or more carbon

atoms per molecule. This fraction as well as lighter fractions containing as

little as 10 carbon atoms (heavy gasoline) per molecule may be used in

metalworking lubricant compositions. Table 4. 1 indicates simple hydro-

carbon structures.

TABLE 4. 1

Typical Hydrocarbons

CH3-CHý.,, -(CH 2 )-x,.. -CH 2 -CH 3  Straight-chain paraffin

CH3-CH- -(CH -CHCH3 Branched-chain paraffin
- CH 3  (isoparaffin)

CH 3

SNaphthene (5-carbon ring)

0 Naphtbeae (6-carbon ring)

Fused naphthene

Aromatic (benzene)

Fused aromatic (naphthalene)

Q CH-CH -'--CH 2  "O-

CH 3

Mixed system hyd.-ocarbou
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The relative distribution of paraffinic, aromatic, and naphthenic corn-

ponents in lubricating oils has a significant effect on practical physical

properties includ-ig viscosity, viscosity-temperature-pressure relationships,

and performance characteristics.

For a given molecular size, the paraffins have relatively low viscosity

and density and higher freezing points than other types. Characteristically,

their viscosity decreases less rapidly with temperature than does that of the
naphthenes or the aromatics. Paraffinic oils may have low oxidation re-

sistance, unless inhibited by anti-oxidant additives; this property is sigiffi-

cant mainly in the lubrication of engines of all types. In general, paraffinic

lubricating oils tend to be more expensive than n phthenic-base oils.

Aromatics inherently have a higher degree of oxidation stability, but

tend to form insoluble black sludges in high-temperature engine service.

These oils are also characterized by high densities and by a relatively rapid

decrease in viscosity with temperature.

Naphthentc oils are characterized by a low pour point, low order of

oxidation stability, and other properties generally Intermediate between
those of the paraffins and aromatics. In practice, most so-called paraffinic

oils are actually composed of paraffinic and naphthenic structures, witA only

a minor proportion of aromatic hydrocarbons. When stabilized with an

oxidation inhibitor, naphthenes afford nonsludging oils of good service per-

formance.

Excellent means are now available to determine the proportions of

structural types present. These methods include adsorption and other

separational techniques in combination with measurements of density,

refractive index, molecular weight, and spectrographic data () 1. Table 4.2

presents typical inspection data for a mineral oil used an a rolling lubricant

[21. This oil has not been highly refined and contains a relatively high pro-

portion of aromatics. The detailed hydrocarbon type analysis given in

Table 4.3 shows that there is an appreciable amount of naphthenos in the

saturated portion. There are additional naphthene structures fused to

aromatic rings (e.g., indans, acenaphthalenes). SWlfur Is present in

chemical combination, for example, as complex thiophene-type compounds.

The polar constituents (2.3%) %ere not resolved but would certainly add

boundary properties to the oil.

Ordinarily, such detalle& hydrocarbon analyses are not available for

metalworkirg lubricants. However, with the rapid pace of analytical
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TABLE 4.2

Typical Inspection of a Mineral Oil ("Coray 37")
Used as a Rolling Lubricant 121

Gravity, API 25.9

Specific Gravity at 15.6'C 0.8990

Density 20/4 0 C 0.8953

Viscosity, SUS at 37.80C 84.0
SUS at 98.9 0 C 36.8

Flash, open cup, 0C 166

Fire Point, 0 C 191

ASTM Distillation at 10 mm
0

(corrected to 760 mm), C

5% 321
10% 332

20% 341

50% 359

80% 384

90% 392

95% 399

Final Boiling Point, 'C 418

Neutralization Number,
mg KOH/100 ml 0.0

S3ulfur, wt% 0.06

Aniline Point, 'C 73.9

Refractive Index, nD at 67'C 1.4655

nD at 20 "C 1.4930

Silica Gel Separation, wt%

Saturates 67.7

Aromatics 30.0

Polar 2.3

progress, it is conceivable that such knowledge can be usefully applied

in advancing the state-of-art of metalworking lubricants. In the following

subsections, an attempt is made to relate relevant !1abricant properties to

broad classes of mineral oils.

Viscosijy-Temperature Pe)zticnship. The variation of the viscosity of

oils with temperature is an important practica, aspect, shown for various
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TABLE 4.3

Typical Composition of Mineral Oil ("Coray 37")Used as a Rolling Lubricant [2 1

Constituent wt %

Saturates

Paraffins 2.7

Noncondensed naphthenes 23.4

2-Ring naphthenes 15.9

3-Ring naphthenes 12.8

4-Ring naphthenes 8.7

5-Ring naphthenes 1.5

6-Ring naphthenes 2.7

Total 67.7

Aromatics

1-Ring benzenes 4.9

Indans 4.1

Indenes 5.6

2-Ring naphthalenes 1.3

Acenaphthalenes 2.6

3-Ring acenaphthalenes 5.2

Phenanthrenes 3.2

Chrysenes 0.9

Benzothiophenee 0.3

Dibenzothiophenes 1.8

Total 29.9

Polar Constituents 2.3

commercial products in Fig. 4, 1 [31. It will be noted that some oils are

identited by the SAE (Society of Automotive Engineers) classification which

specifies th. oils in terms of arbitrary standards for practical applicatior

rather than in scientific terms. 'Ihe data are plotted on a semi-empirical

chart (ASTM D341 that has the special advantage that the straight line

defined by the viscosities at any two temperatures permits an estim Wtion of
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Fig. 4.1. Variation of viscosity with temperature for various oils [3].

viscosity at any other temperature, down to just above the cloud point, the

temperature at which a solid phase separates upon cooling.

In the past, the most commonly used means of describing the decrease

in viscosity of petroleum oils with temperature was the viscosity index (V. I.).

This index was based on the observation that among the commercial oils, the

decrease was least with paraffinic oils and highest with a naphthenic type. A

series of paraffinic Pennsylvania oils was selected and arbitrarily assigned

a viscosity index of 100; similarly, a series of naphthenic Gulf Coastal oils

was assigned a viscosity index of zero. Normally, oils with a high V. L

(e.g., above 80-90) are considered desirable as lubricants, but the signifi-

cance of the index in the very high or very low ranges is questionable. How-

ever, the concept is readily grasped and has gained widespread acceptance

as a means of characterizing the viscosity-temperature relation of mineral

oils.

Viscosity-Pressure Relation. The effect of high pressures on viscosity

has importance in conventional applications when a continuous film of lubri-

cant • • needed to prevent metal-to-metal contact under high local loads. In

metalworking lubrication, this variable assumes an even greater significance.

Figure 4.2 presents data showing the increase in viscosity caused by
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,Fig. 4.2. V scosity-pressure relationships for typical mineral oils

(selected data from ref. [4]).

pres~re changes with two types of mineral oils. The increase is exponen-

tial, and the pressure-viscosity properties can be expressed as follows:

'T = %7 exp Bp (4. 1)

where 1ois the absolute viscosity at atmospheric pressure

•pis the viscosity at elevated pressure p

Bp is • constant for a given oil.

On a logarithmic basis

lOg~o= 2•. (4.2)

Values of Bp for several petroleumn oils are given in Table 4.4. These data

on many mineral oils as well as on synthetic oils may be found in an ASMF,

study [4 ], the most comprehensive and reliable compilation available. A
survey of this work was preseated by Hersey and Hopkins [5]. Cameron (6]
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has derived empirical correlations for both naphthenic and paraffinic oils

based on the ASME data; these are stated to be somewhat more accurate than

the simple one given above.

In general, it may be noted that at a given temperature, naphthenic oils

suffer greater viscosity increase with pressure than the paraffinic oils; at

the lower temperatures (00 C and 37.80C), the viscosity rises sharply and

the paraffinlc oils tend to solidify (Fig, 4.2). Because of the high pressures

(100-250 kpsi) normally encountered in metalworking processes, this prop-

erty may be extremely important; it explains, at least partially, why such

high pressures can be transmitted through an oil film.

Viscosity,-Temperature-Pressure Relation. In cold metal deformation

processes, significant inc:eases in temperature arise from the friction at

the sliding tool/work interface and from the heating due to the plastic defor-

mation of the metal. These changes markedly decrease the viscosity of the

fluid lubricant. Counteracting this change is the increase in viscosity with

pressure due to the high loads developed. The relationship of these changes

can be related by the very approximate empirical equation:

(ITJp= D p (4.3

where D is 2.0 x 105 when temperatures (T) are expressed in "K and p in

atmospheres [7]. An approximate rule-of-thumb is that a 38 atm increase

in pressure offsets a 10 C increase in temperature (500 psi for 20 F) [8]. A

quantitative but still empirical relationship between oil composition and

viscosity-temperature-pressure was developed by Roelands, Vlugter, and

Waterman [9].

In the simplest terms of chemical structure, any complication of the

lubricant molecule leads to a greater increase in viscosity with pressure.

Bridgman [10] concluded that the relative pressure effect was greater when

(a) a complicated molecule was substituted for hydrogen, (b) when the con-

stitution was of the branched or iso-type, and (c) when a heavy atom was
substituted as in the halogenated hydrocarbons. For a detailed discussion

on the role of hydrocarbon structure in viscosity-temperature-pressure

relationships, refer to standard texts (e.g., refs, 1, 9).

The emphasis of the above discussion on molecular structure of

lubricants should not obscure the iact that a particular oil may solidify under

the high pressures incident to metal deformation processes. When an oil
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solidifies (for example, during passage through a drawing die), the lubrica-

tion behavior is greatly modified and improved. The occurrence of solidifi-

cation is not adequately documented. The ASMIE study [4] is one of the few

comprehensive sources available. Other sources of Information include

Hersey and Shore [11], Boyd and Robertson [12], Bridgman [13], Boelhouwer

and Toneman [14], Galvin, Naylor, and Wilson [1,1 and Rowe [16].

Synthetic Lubricants

Demand for new lubricants and hydraulic fluids designed to meet high

performance specifications has led to 1he development of synt:,etic lubri-

cants. These n•w materials are of quite diverse chemical typee; they have

found application chiefly in aircraft purposes and military defense systems,

as well as in highly specialized areas in the chemical, nuclear, and other

industries. FigLtre 4.3 shows the viscosity-temperature characteristics of

some synthetic lubricants; a typical petroleum oil is included for comparison

[3]. A brief discussion of some of the distinguishing characteristics will be

presented here. More detailed discussions are given by Gunderson and Hart

[17], Bowers and Murphy [18], and Goddard [19]. A brief commentary on
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Fig. 4.3. Viscosity- te mperature characteristics of synthetic
lubricants 131.
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the potential application of these lubricants to metalworldng applications

then follows.

Polyisobutylenes. The possibilities of producing lubricants by the

polymerization of olefins has beer, studied for many years. Of these,

polyisobutylene oils have achieved commercial importance since the raw

material, isobutylene, (CH 3 )2 C=CH2 , is readily available in large quantities

as a by-product from petroleum cracking plants. The chemical formula of

the oils is simply CnH2n, and polyisobutylenes used as lubricants range in

molecular size from about 20 to more than 100 carbon atoms. These olefins

in many ways are comparable to mineral lubricating oils and have excellent

viscosity-temperature characteristics.

Polyisobutylenes have found extensive application as high-temperature

lubricants primarily because they decompose and oxidize to volatile products

leaving no carbon residue, in contrast to comparable mineral oils. This

property, in particular, has spurred research studies for their application

as metalworking lubricants especially where nonstaining is desirable, as in

rolling of sheet. The viscosities of polyisobutylenes used for this purpose

range from 4 to 45 cs at 37.80C.

Dibasic Acid Esters. Esters are the class of compounds formed by the

combination of an organic acid (with a COOH end group) with an alcohol (with

an OH end group):

0 H 0 H
II I II I

R-C-OH + HO-C-RI - R-C-O-C-R 1 + H2 0

H H

where R and R1 are any alkyl group (monovalent alkyl radicals, derived from

paraffine) such as CH 3 -, CH3 CH 2-, C17H35-, etc. It is also possible to

form esters from alcohols and dibasic acids. Dibasic acids contain two

carboxyl

0
II

(-C-O-)

functiona' groups. For lubricant synthesis, the most importani; dibasic acids

used are the following:

0 0
iI H

sebacic HO-C-(CH2 )8 -C-OH
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o 0
azelaic HO-C-(CH2 )7 -C-OH

o 0
II UI

adipic HO-C-(CH2 )4 -C-OH

Branched-chain primary alcohols, such as 2-ethyl hexanol, as well as com-

mercially available C8 -, C9 -, and C1 0-alcohols, are reacted to form

dibasic acid ester fluids.

T'ypical dibasic acid esters used as lubricants are: di(2-ethyl hexyl)

sebacate(dioctyl sebacate); di(3, 5, 5-trimethyl hexyl)sebacate (dinonyl

sebacate); di-iso-octyl azelate. The general structure may be regarded as:

0 0 0II II !1

R-o-C-R-C-0-R 2 -o-C-N

where R, R1 , R2 , and R3 may be any alkyl iroup. Thus, the composition of

these materials can be varied readily for specific purposes.

A large market has been developed for their use in aircraft turbine

engines. These lubricants flow freely at low temperatures and maintain

viscosity and load-carrying ability to temperatures of 250-290*C.

Polyglycols. Polyglycol lubricants are based on polymers having the

following general structure.

RO- [CH2 -CH-O]R 2

R n

where R, R1 , and R2 can be any allWl group and/or hydrogen. If R, R1, and

R2 are all hydrogen atoms, a series of polyethylene glycols is formed of

increasing molecular size determined by n. If R1 is a methyl (CH 3 -) group,

polypropylene glycols are formed. Introduction of alkyl groups for R and R
I I

will give polyethers (-C-0-C-). Compositions of polymers based on esters,I I

ethers, polyethylene glycols and mixtures can be produced. By control of

the structure, it is possible to prepare water-insoluble fluids with good

temperature-viscosi•t cnaieteristics and having application up to 2300C.

The products of oxidation are either volatile or soluble in the fluid, thus

showing little tendency for formation of solid deposits upon decompositlv'n.
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The water-soluble polyglycols have been developed mainly for use as

fire-resistant hydraulic fluids. They have been suggested as a component of

metalworking lubricants [17].

Chlorofluorocarbons. The chlorofluorocarbons are linear polymers in

which all hydrogen atoms have been replacedby chlorine and fluorine. The

most Important products are low molecular weight polymers of chloro-

trifluoroethylene,

FF
I I

F-C=C-Cl

The products have outsta.ding oxidatic.. resistance and thermal stability.

They can be heated in air at 3000C without decomposition. The liquids have

a high density (1.8-2.0 g/cc) and a relatively high viscosity-temperature

coefficient. They are quite inert chemically and are useful in lubricating

con:,iressors designed for halogens or oxygen, and can be used for lubricat-

ing equipment handling chlorates and perchlorateb. The chlorofluorocarl.ons

have been repeatedly used for metalworking lubrication. At sufficiently high

temperatures (e.g., 8000C), the vapors decompose and show E. P. character-

istics.

Phosphate Esters. The esters of phosphoric acid have become impor-

tant as lubricants and as performance-improving additives !or other !ubri-

cants, both mineral oil and synthetic. The discussion here will be limited

to their use as lubricants.

The orthophosphate structures may be represented generally by:

0

RI O-P-OR 2

OR3

where at least one R group represents an a4l, group while tht others may be

either additional organic groups or hydrogen. The best known phosphate is

one in which the R1, R2, and R3 groups are replaced by the aryl (aromatic)

cresyl group, e.g.,

CH3
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The product is tricresy! phosphate, the properties of whiuh will be discuceed

in Section 4.23. The properties nf the phosphate esters can be varied over

wide 1imits by suitable variation of the radicals R1, RH2, R3 . The esters

range from water-soluble, low-boiling liquids to water-insoluble, viscous,

hegh-boiling liquids and even high-melting-point solids. They have been

usd as synthetic lubricants with properties comparable to high-quality,

petroleum-hased oils.

In addition to the neutral, tertiary phosphate esters, one or more of the

R-groups can be hydrogen. These compounds, called organo-substituted

phosphoric acids, are partial esters of phosphoric acid, and have found use

as additives for various purposes.

Sulfur analogs of the above compounds are well kn,.wn in which at least

one singJe-boaded ow.gen atom is replaced by sulfur. The general class is

called thi'sphosphates, the prefix thio indicating the presence of sulfur. The

thiophosphates and their derivatives have been used as lubricating additives

for antiwear, extreme pressure, corrosion inhibition, and many other pur-

poses.

Au important application of phosphate esters is as fire-resistant

hydraulic fluids in aircreft. The fluids have high oxidative resistance, low

volatility, good hydrolytic stability, and excellent thermal stability up to

abou! 4000C. By appropriate choicc of esters, useful lubricimts with good

viscosity-temperature characteristics comparable to that of a high V. 1.

mineral oil can be obtained. The esters, in general, react with metal sur-

faces and exhibit some boundary lubrication ability.

SiLicate E•sters and Siloxanes. The silicate esters comprise compounds

based on the orthoallcate structure:

OR,

R O-9J-OR3

OR4

where R1 , R2 , R, and 14 are organlc groups which may or may not be
Identical. The beat Imaown types are the tetimalkyl, the tetraaryl, and tt.e

mixed Plky"l-aryl orthosillcates. The presence of the -3I--C- bonding

distjnguishes the silicate esters from '.he silanes and silicones.
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A second class of compounds is important, the dimer silicates or, more

commonly, the siloxanes, represented by the general formula

OR. OR 5

These fluids offer good tVerzmai stability (275-4500C decomposition

temperature), useful viscosity-temperature properties, wide liquid ranges,

and low vlatility. A serious disadvantage is their relatively poor hydrolytic

stability (although this can ne moderated by structure changes) and poor

boundary lubrication properties. Iany products have been developed for

use as high-temperature hydraulic fluids and for heat-transfer fluids.

Silicones. Silicone lubricants comprise a structure with repetitive

R
(- ,10-)

R

units as the inorganic backbone of the polymner chain. The general formula

is

R R R

R-si-o--SiO-sio Si

R (R )nR

where R may be the same or different organic groups, but most frequently

methyl or a mixture of methyl (-CI 3 ) and phenyl (-C6H) groups. The

polymers vary from highly mobile, low -bolling fluids to viscous fluids and

to gums. Under hydrodynamic conditions, they withstand extremely high

rates of shear and have very snall viscosity-temperature coefficients (see

Fig. 4.3). They are chemicklly inert and thermally stable to about 360 0 C.

Because of these favorable physical and chemical properties, the silicones

fulfill most of the requirements for an ideal lubricant with one important

exception-boundary lubrication.

With respect to boundary lubrication, the chemical inertness Is a r1ts-

advantage and steel-on-steel combinations are particularly difficult to

lubricate. It is possible, hwevei, to incorporate chlorine into the phenyl
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groups of a phenylmethyl silicone fluid. Chlorophenylmethyl fluids have

achieved some importance as lubricants, particularly for aircraft turbine

use. Fluorine may ;iso be substituted in the molecule.

Silicones have found little uae in metalworking applications because of

their generally poor boundary properties as well as their very high cost.

Polyphenyl Ethers. The polyphenyl ethers are structures comprising

three or more benzeae rings linked in a linear chain through oxygen:

Various lengths are possible, and alkyl, halogen, and other substituents may

be attached to the phenyl groups. In addition, the point of attachment may be

varied.

The viscosity-temperature characteristics of the polyphenyl ethers are

good. Although the polymers are stable to about 4000C, they are suzceptible

to oxidative degradation. The materials are in a development stage.

Fluoroesters. Certain esters derived from organic carboxylic acids

and fluoroalcohols are suitable for lubricants, have a reasonable hydrolytic

stability, and are thermally stable up to about 310 0C. The fluorinated

products are more viscous and have a larger temperatura viscosity coef-

ficient than their unfluorinated analogs. The products are largely exper-

imental.

Neopentyl Polyol Esters. The neopentyl polyol esttrs are a group of

organic esters with edcellent thermal and oxidative stability up to 210'C.

These esters may be considered as derivatives of the hydrocarbon neopentane:

CH3
I

H 3C-C-CH3

CH 3
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All of these polyols can be esterified with selected acids to produce long-

chain ester combinations-for example,

CH2 OC-C8H17

CH.•-CH 2 -C-OOC-C 8 H1 7

CH2 0OC-C 81117

Because of their stability, lubricating ability, and nonstaining qualities,

these esters have been used as additives in the rolling of metal foil [17].

These materials may be considered experimental at present.

Experimental Synthetic Oils. Most of the synthetic oils mentioned aboMe

have achieved some degree of commercialization. Many other products are

still quite experimental [17, 18]. A comprehensive review of advanced lubri-

cants by Adamczak, Benzing, and Schwenker [20] indicates that of the

organic materials, the polyaromatics are the most stable to heat (425-465°C).

Of the inorganic fluids, phosph ,nitrilic chloride polymer is stable up to

5350C and fluid down to below -18"C; this type of material, however, has

poor compatibility with metals.

Synthetic Metalworking Lubricants. The above presentation serves to

emphasize that synthetic lubricants have found little application as metal-

working lubricants. In large part, this is due to their high cost compared to

lubricants based on mineral oils. OMer than the economic factor, the use of

synthWics may be expected to expand if certain outstanding properties can be

utilized. Many of the synthetics have viscosity and viscosity-temperature

characteristics that qualify them for consideration (Fig. 4.3). The dimethyl

silicones are outstanding in this respect, but are not usable because of their

minimal boundary lubricating ability; modified silicones are now available

that have improved boundary properties.

Perhaps the most interesting feature of many synthetic lubricants is

their high thermal and oxidation resistance. Unfortunately, the properties

of synthetics have been rated in terms of conventional bearing applications

so that a listing, such as that in Table 4.5, must be considered qualitat1i e

and tentative. Some synthetic lubricants, such as the polyphenyl ethers and

polyaromatics, are exceptionally stable; their resistance to oxidation Is

listed as good since no effective representation of this factor ia currently

available. High stability may, however, be undesirable when lubricant

L
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TABLE 4.5

Stabilitie, of Selected Synthetic Lubricant Classes

Approx. Limit
of Thermal Oxidative

Class Stability, 91C Stability

Phosph')nitriUc chloride 500-535 Cood

Polypheyl ethers 430-480 Good

Polyaromatics 425-465 Good
Chloro- or fluorosilicones 330-360 Fair

Silicones 330-360 Poor

Fluoroesters 330-360 Good to -320"C

Chlorinated hydrocarbons 330-360 Good

Neopentyl polyol esters 300-350 Fair

Chlorofluorocarbon polymiers 290-320 Good to ,-300'C

Dibasic acid esters 200-250 Poor

Silicate esters, disiloxanes 200-250 Poor

Polyglycols 200-250 Poor

Phosphate esters 150-400 Good

Polyisobutylenes 150-300 Fair

Mineral oils 150-300 Fair

residues must be evaporated at low annealing temperatures. Thus poly-

isobu!ylenes, which are otherwise comparable to mineral oils, have

exceptional nonstaining properties.

Synthetics that contain chlorine and fluorine would be expected to ex-

hibit E. P. behavior at elevated temperatures. Synthetic oils containing

silicon might produce undesirable residues, and the evolution of silicon

dioxide aerosols would be a distinct health hazard. The polyglycols have

good hydrodynamic properties, are soluble in both water and mineral oils,

and leave no residue upon oxidative decomposition. The last property is

especially useful in metalworking lubrication. The properties of the phos-

phate esters can be varied over wide ranges by structure, but inherently

gcod lubricating properties are the general rule, in addition to good oxidative

stability.
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Mineral oils are listed at the bottom of Table 4.5. This does not mean

that they are inferior or will be replacea by synthetic lubricants. If anything,

the discussion has indicated the difficulty of replacing mineral oils despite

the singular advantages of many synthetics.

Glasses

Under appropriate high-temperature conditions, molten glasses have

been found that wet metals and act as liq-rid lubricants, primarily in extru-

sion. The glass coating serves not only as a lubricant but also protects the

metal surface from oxidation and reduces heat loss to the tool.

Glass is defined as a supercooled liquid, or a solid that gradually softens

to form a high-viscosity liquid upon raising the temperature. Upon cooling,

no discontinuous change occurs, but the liquid becomes rigid through pro-

gressive increases in viscosity. The high viscosity of glassy liquids and the

possibility of controlling viscosity by chemical composition within convenient

temperature ranges make many inorganic glasses useful as metalworking

lubricants. The prcperty of forming a glass is possessed particularly by

silica (SiO2) and boron trioxide (B20 3 ), and by mixtures of one or both of

tbAse substances with oxides of the alkali or alkaline-earth metals or lead.

While StO2 is, by far, the most important glass-forming system, B2 0 3,
P2 03 , P2 05 , Ge2, and S also form the basis of some specialty glasses; in

all, sixty-six glass-forming systems are known, most of which are metal

oxides [21].

On prolonged heating at fairly high temperatures, glasses may undergo

devitrification whereby crystals will separate from the supercooled liquid.

It may be mentioned that organic substances, such as glycerol or glucose,

alec form glasses but have found only limited, experimental use as lubri-

cants.

For metalworking applications, commercial glasses or frits (glasses

quenched by rapid cooling in air or water) are used. Glasses of widely

varying compositions are listed in Table 4.6; even more varied compositions

are available from frit producers. The properties of such glasses are

optimized for glass-forming techniques and chemical durability, but many

are suitable metalworking lubricants. Colored glasses are available in a

wide range of compoattions.
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TABLE 4.6

Composition of Some Special Glasses [21]

(Data by Corning Glass Co.)

Corning Approximate Composition, Suggested Extrusion
No. Glass Type % Temp. Range, 0C

8363 Lead borate 10 B2 O3 , 82 PbO, 58102, 530

3 A10
203

9772 Borate -- 870

8871 Potash lead 35 SIO2, 7.2 1(O, 58 PbO 870-1090

0010 Potash-soda- 63 SiO2, 7.6 Na20, 6 K120, 1090-1430
lead 0.3 CaO, 3.6 MgO, 21 PbO,

1 Al203

7052 Borosillcate 70 802, 0.5 K20, 1.2 PbO, 1260-1730

28 B203' 1.1 A12 0 3

1720 Alumino- 57 S02Y 1.0 Na20, 5.5 CaO, 1650
silicate2'* a, 5Ca 7 1012 MgO, 4 B20 3, 20.5 A1203

7740 Borosilicate 81 Sio2, 4 Na0, 0.5 K20, 1540-2100

13 203 , 2 A 3203
7810 Silica 96 SiO2, 2.9 B 0.4 Al 1930-2040

78023' 203

790C Silica 96 SiO2  2210

Viscosity. The viscosity of the glass-formers and particularly of the

liquid silicates is orders of magnitude higher than for most other liquids.

Water, metals, and salts all have viscosities of about 1 centipoise at the

liquidus temperature. The better glass-formers have viscosities of about

103 poises at the Uquidus temperature. Slicates with viscosities of less

than 102 poises at the liquidus temperature ordinarily cannot be quenched

to glasses. The viscosities of the glasses of Table 4.6 are shown in Fig.

4.4 Relationships of glass composition and viscosity will be found in

Morey [221.
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Fig. 4.4. Viscosities of some glasses (21].

Effect of Pressure on Viscosi t. The viscosity of glass lubricants is

believed to be relevant to hot working processes, but data on the important

effect of pressure are quite fragmentary. Dane and Birch [23] studied the

viscosity of glassy B2 0 3 at two temperatures (3590 C and 516'C) and at

relatively low pressures (up to 28,400 p3i); the following equation was found

to fit the data:

17 = r7o exp (a P) (4.4)

where io Is the viscosity at atmospheric pressure and a was 1.05 x 10-4

in 2/lb at 359°C and 0.32 x 10-4 W2 /lb at 516 0 C. It appears that glasses

used in metalworking applcations are not sensitiva to pressure (see Section

8.34).
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Surface Energy. Surface energies of glasses vary In the broad range of
280-400 ergs/cm . It is not known to what extent surface energy or wettability

determines lubricating performance. Nevertheless, good wetting is impor-

tant when the glass is also expected to protect the workpiece surface during

heating and when a preapplied glass .1m of controlled thickness is relied

upon for lubrication.

Glass as a Metalworkinm Lubricant. The general subject of glasses and

their properties has been discussed in greater detail by Hutchins and

Harrington [21j, Morey [22], Klngery [24], Stanworth [25], Shand [26], and

Volf [27].

For specific applications of glasses as metalworking lubricants, refer

to Section 8.34 (Hot Extrusion) and 9.33 (Hot Forging).

4.22 Boundary Lubricants

In Chapter 3, it was shown that as the load is increased, the lubricant

can be squeezed out and may be reduced to a thin film. Uldimately even onE

molecular layer can give protection to sliding metal surfaces. The best

protection was realized when the boundary lubricant was solid or could react 4"
with the metal surface to form a solid film. The long-chain fatty acids

possess to the high3st degree the physical and chemical characteristics,

necessary to form solid surface layers as boundary lubricants. This section

will discuss the nature of fatty oils and the derived fatty acids and related

compounds, such as the alcohols and aminea prepared from the fatty acids.

These materials constitute the most important boundary lubricants normally

used in metalworking applications.

Natural Oils and Fats

It Is important to understand the nature of natural oils and fats since

these materials are widely used in the neat form and are also the source of

the fatty acids, the effective boundary lubricant components of commercial

metalworking lubricant formulations. At the temperatures normally en-

countered in metalworking processes, the fatty oils decompose releasing

some of the constituent fatty acids. Further, many of the comrm~ercial oils

used will already have suffered partial degradation which produces varying

contents of free fatty acids.

Natural oils consist of water-insoluble fats and oils derived from plant

and anlm.nl sources; the major components are glyceryl esters of fatty acids.

L.
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Glycerine is a tritinctional alcohol, CH2 OHCOHCH2OH, and the derived fats

and oils are triglycerides,

0I,
H2C-O-C-R12 1
HC-O-C-R 2

I?
H2 C-O-C-R 3

To a first approximation, the alkl substituents R1 , R2, and Rý may be con-

sidered to be identical. In fact, however, minor variations in these substi-

tuents are probable and mixed triglycerides are generally present. The oils

are described in terms of the fatty acids released when the triglyceride is

hydrolyzed.
0 0
II I

H C-O-C-R 1  HO-C-R H2-O

0 0

H-C-O-C-R2 +3H20 HO-C-R 2 + H-C-OH (4.5)

12 0
H2 C-O-C-R3  " HO-C-R 3  H2 C-OH

In Eq. 4.5, if R = = is stearic aci,] is released in1 2=R 3 's(-C1 7H3 5),
the free state. However, it is possible that R1, R2 , and % can provide

many variations of fatty acid structure; for example, the fatty acid can be

unsaturated, as in the case of oleic acid. Since these component acids

constitute approximately 95% of the total oil or fat triglyceride, the natural

oils and fats can be classified in terms of the relative proportions and com-

positions of these fatty acids. Many natural oils (for example, palm oils)

show considerajple variation in free acids and in the distribution of all acids

dependent on source.

The nonglyceride components of natural oils and fats are complex; how-

ever, since crude natural oils and fats usually contain less than 5% and re-

fined oils less than 2% of these constituents, their contribution to the lubri-

cant properties is minor.

The term '"at" is ordinarily applied to triglycerides that are solid or,

more correctly, semisolid, at ordinary temperatures; "oil" is applied to
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triglycerides which are normally liquid. The distinction )a arbitrary and

there are many other specific terms applied according to origin, such as

tallow, lard, vegetable butters, and neatsfoot oil (rendered frum the feet of

cattle).

One further distinction is necessary to identify the natural waxes. These

differ from fats in that they are esters of certain higher monohydric alcohols

rather than of glycerol (Section 4.25).

The various natural oils and fats can be classified in terms of the rel.-

tive proportions of the different fatty acids. Table 4.7 lists the fatty acid

composition of materials often contained in metalworking lubricants. The

data show that coconut oil and palm oil contain relatively high amounts of

saturated acids. Palm oil, obtained from the pulp of the palm fruit, is more

important as a metalworking hlbricant than kernel oil and contains saturated

and unsaturated (olefinic) fatty acids in approximately equal amounts. Both

palm oil and the animal tallows and greases are characteristically high in

free fatty acids (3-30%); this property makes these oils especially useful as

boundary lubricants. Inedible lard oil, the residue after crystallizing and

pressing of lard, normally contains 15-25% of free fatty acids. Rapeseed

or ravison oil, as well as mustard oils, contains erucic acid:

CH3 (CH 2 )7 CH=CHICH2 )II COOH

This acid contains 22 carbon atoms as well as one double bond. Another

acid, present in smaller amounts, is elcosenoic acid (20 cahrbon atoms, 1

double bond).

Castor oil should also be mentioned. It is markedly different from other

oils because of its high contant (85-90%) of ricinoleic acid containing a

hydroxyl group attached to the carbon chain:

CH3 (CH 2)5 CHOHCH2 CH=CH(CH2 )7COOH

Fats of land animals contain unsaturated acids, principally oleic (one

double bond) and Unoleic acids (two double bonds). Marine oils are dis-

tUnguished by the presence of extremely unsaturated fatty acids (four or more

double bonds), considerable variations in carbon chain length, md also a

relatively large proportion (as much as 25%) of saturated acids. In addition,

the glyceride esters amount to only 25-35% while 65-75% are e4ters of

normally higher monwhydric alcohols. The most important marint, oils are

whale, california sardine (pilchard), menhaden, and herring oils.
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The unsaturation of the various oils is one means of characterizing them

9ind has sc ue, occasionally debated effect on their lubricating properties.

High unsaturation of an oil, hwevcr, may indicate instability ir, storage or in

use, resulting in polymerization and oxidation to gummy residues.

The technology of fats and oils is a specialized subject and reference

for specific information should be made to standard texts including Dailey

[28], Eckey [29]. Hilditch [30,31], and Kirschenbauer [32]. Bailey [33] and

Norris [34] present a useful intreraition tO the subject.

An important physical property of fats and oils used as metalworking

lubricants is viscosity. Table 4.8 [35] indicates that at atmospheric pressure

moet of the natural products have quite slmilaz viscosities with the excep-

tions of rapeseed oil and castor oil. Rapeseed oils contain esters of longer

c&'rn acids that contribvte to somewhat higher viscosities, Castor oils,

characterized by t high content of ricinoleic acid esters, have appreciably

higher viscosities.

TA3LE 4.8

Viscosity of Fats and Oils [351

Sp3cific Kinematic Sayboft

Acid Gravity Viscosity, cs Viscosity, sec
(YO I 1inber %20"/4'C) 37.7C 9k. -7C 37.7 0 C 93.7'C

Olive -- 0.9158 46.6b 9.09 216 55.2

Rapeseed 0.34 0,.9114 50.64 10.32 23.1 59.4

Cottonseed 14.24 0.9187 35.88 8.39 181 52.7

Soybean 3.50 0.9228 28.49 7.60 134 50.1

Linseed 3.42 0.9297 29.60 7.33 139 49.2

Castor 0.31 0.9619 293.4 20,08 1368 97.7

Coconut 0,01 0.9226 29.79 6.06 140 45.2

Palm kernel 9.0 0.9190 30,92 6.50 145 46.5

Lard 3. 139 0.91.i 44.41 8.81 206 54.2

Neatsfoot 13.35 0.9158 43.15 8.50 200 53.1

Refined whale 0. 7 0.3227 31.47 7.48 147 49.7

Sperm 0.80 0.8829 22.99 5.70 110 44.1
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However, the most irnptrtant aspect of the viscosity of natural oils and

fats is the marked increase with pressure and early solidification in com-

parison with mineral oils. Elevation of temperature has a countereffect, so

that in metalworking lubrication both variables must be taken into account.

Figure 4.5 is a plot of the viscosity increase caused by pressure relative

to viscosity measured at atmospheric pressure. It is evident that solidifica-

tion occurs at much lower pressure for the fatty oils than for the mineral

oils. An elevation of temperature from 25 to 400 C does not appreciably

lower the slope of the visco&. ,-pressure relationship, but solidification

pressures are markedly increaLied (Fig. 4.6). The relationship of tempera-

ture to apparent solidification point is givwn in Fig. 4. 7 for lard oil and
sperm oil [5]. Very little reliable information is available on the solidifica-

tion characteristics of natural oils although this property could well be the

most important one for metalworking lubrication.

For broad goneralizati)ns on the effect of pressure on the viscosity of

liquid natural oils, reference may be made to Cameron [6].

Fatty Acids

The saturated fatty acids derived from natural fats, oils, and waxes

contain, with few exceptions, an even number of carbon atoms. In addition,

5000F 11
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Fig. 4.5. Relative effects of pressure on the viscosity of mineral

and natvral oils at 250C.
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the acids may contain one, two, or more double bonds. In the natural veg-

etable oils and in fats from land animals, the double bonds are separated by

at least one carbon atom. The isolated olefinic bonds are not highly reactive,

and at low temperatures the molecule resembles the saturated acid. For

example, oleic acid (one double bond) is almost as stable as stearic acid.

However, if an acid contains two or more separated double bonds (as in

linoleic acid), there Is a probability that, upon heating or on contact with hot

metal surfaces, the double bonds will tend to migrate until they are adjacent

(conjugated). Conjugation greatly enhances chemical reactivity, and the

compounds will both oxidize and polymerize quite readily into high molecular

weight solid polymers. Acids, particularly those derived from highly un-

saturated oils, such as fish oils, can produce undesirable metal staining.

Commercial acids are derived from fats and oils by hydrolysis. Typical

acid compositions [36] of saturated and unsaturated commercial prodacts are

listed in Tables 4.9 and 4.10. r is evident that wide ranges of products are

available.

The viscosities of the saturated fatty, acids and their variation with

temperature are depicted in Fig. 4.8 [37]. It is apparent that an increase

in chain length causes a marked increase in viscosity at a given temperature.

TABLE 4.9

Approximate ComposUion (wt %) of Commercial Saturated Acids [36]

Saturated Acids
C 'Unsaturated

Acids 6 8 C1 0 C1 2 C14 C16  18 Acid

Caprylic 5 92 3

Capric 1 97 2

Lauric 1 97 2

Myristlo 1 96 3

Palmitic (90%) 1 94 5

Stearic

Eutectic 1 70 28 1

Single pressed 2 50 38 8

Hydrogenated tallow 4 30 63 1
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TABLE 4. 10

Approximate Composition (wt %) of Commercial Unsaturated Acids [36]

Designation Saturated Acids Unsaturated Acids

Carbon Number of Acid: C14 C16 C17 C18  C16 C18 C18 C18

Number of Double Bonds: 0 0 0 0 1 1 2 3

Low polyunsaturated oleic 3 4 1 10 77 4 1

Oleic, white 3 4 1 8 73 8 1

Oleic, red oil 3 5 1 1 7 71 8 1

Linoleic 1 4 1 33 60

The soidification of oleic acid under high pressure has been presented

previously in Fig. 4.7.

Fatty Alcohols

Fatty alcohole are prepared from fatty acids, such as tallow acids, by

hydrogenation:

RCOGH + 4H 2-- oRCH2OH + H2 0 (4.6)

10 I I I

CI.

TEMPERATURE, C

Fig. 4.8. Temperature-viscosity relationships for the saturated

fatty acids 1371.
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The conversion is on the order of 90%. Other methods of producing alcohols

utilize hydrogenolysis of the glyceride ester or reduction with sodium. The

most extensively used raw materials are coconut oil and tallow, the latter

being somewhat less pure and less expensive. The important commercial

alcohols are generally saturated as shown by typical products given in

Table 4.11 [38].

The alcohols below C12 are colorless oily liquids. Above C12, the

physical form of the alcohol progressea from soft, crystalline platelets to

crystalline solid waxes. The viscosity-temperature characteristics of C8-,

C1 2-, and C18- alcohols are shown in Fig. 4.9 [38].

Other Fatty Acid Derivatives

Other derivatives of possible use in boundary lubrication are the fatty

amines and amides. Fatty acids are converted to amines by the intermediate

formation of nitrile:

RCOOH + NH3-- PRCN + 2H 20 (4.7)

RCN + 2H2 ---- RCH2 NH2  (4.8)

TABLE 4. 11

Composition of Commercial Fatty Alcohol Mixtures [38]

Approximate Composition, wt %
(100% Alcohol Basis)-

Common Name 06 08 010 C1 2  014 016 018

Octyl alcohol 1 98 1

Decyl alcohol 2 98 trace

Lauryl alcohol 2 96 2

1 71 26 2

1 65 25 9

Myristyl alcohol 2 95 3

Myristyl-cetyl alcohol 4 44 24 28

Cetyl alcohol 1 97 2

Cetyl-stearyl alcohol 3 64 33

Cetyl-oleyl alcohol 50 50*

Stearyl alcohol 5 95

*Okyl alcohol



176 CHARLES H. RIESZ

t I I
14

12

10 Cis

0l6

C12

2 Ce

0 25 50 75 100
"TEMPERATURE, 'C

Fig. 4. 9. Viscosity of fatty alcohols [38].

Such products are derived commercially from coconut off acids, tallow

acids, and cottonseed oil acids.

The fatty acid smides are prepared by reacting ammonia Lnder pressure
with a fatty acid:

RCOOH + NH3 -'*RCONH 2 + H2 0 (4.9)

Hydogenation of Natural Oils and Fate

It is possible to modify the degree of unsaturation by addition of hydrogen

in the presence of nickel catalysts. Thus, highly unsaturated fish oils can be

partially hydrogenated; less saturated oils such as cottonseed oil can also be

hardened. The process consists chemically in the direct adotion of one

molecule of hydrogen to each double bO.d:

HHHH H 1HH
I I I I I I I I

-C-C=C-C- 4 H -C-C-C-C- (4.10)
2 . . . I I I 1 0 •

H H HHHH

%)th.r than saturation, the main result is to form generally higher melting

products compared to the starting material.
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Soaps
The formation of solid soap layers was shown in Chapter 3 to provide

effective boundary lubrication of metal surfaces. Metal soaps are commonly

used in metalworking operations for the purpose of boundary lubrication and

sometimes also for thick film lubrication. Soaps (e.g., sodium stearate

NaO. COC1 7 H35 ) are the reaction products of the higher fatty acids with a

metal hydroxide. The alkali soaps are soluble in water whereas other metal

soaps are generally insoluble. Other reaction products are possible: (1)

acid salts which have the general structure RCOOM. RCOOH (R = alkyl

group, M = metal) and are formed by sodium, potassium, and ammonium ions

and (2) basic salts of multivalent metals (aluminum, beryllium, and lead as

well as a few others) as typified by Al (OH)(RCOO) 2. The soaps and associ-

ated salts are important in grease manufacture, which is discussed in See-

tion 4.25.

Since the melting point of soap-film layers is associated with the transi-

tion temperature limiting the most effective boundary performance of a

particular fatty acid, melting points of some fatty acid metal soaps are given

in Table 4.12 19].

4.23 Extreme Pressure Compounds

A wide -variety of materials have been employed to improve the load-

carrying capacity of lubricants under severe load conditions. These extreme

pressure (E. P.) additives function at elevated temperatures by reacting ir-

reversibly with metal surfaces to form hvrganic films which prevent adhesion

between the contacting metal. In pr.rncipie, it is possible (Section 3.46) to

combine suitable boundary and T. P. additives in a mineral oil fluid to obtain

good lubrication over a wide temperature range, the E. P. additive becoming

active at temperatures where the boundary lubricants fall. Such additions

and combinations have become an important part of lubrication technology.

The most common E. P. compounds contain chlorine, sdlfur, or phos-

phorus, either alone or in combinations. These agents decompnose, and the

reaction products form metal surface films based on chlorides, sulfides, or

phosphates. The classical view of the action of E. P. compounds is sum-

marized by Bowden and Tabor [40], and a brief account is presented in

Section 3.46. The nature of the E. P. film is, of course, highly dependent

on the environment, including oxygcn and water. Because the film formation



178 CHARLES H. RIESZ

-'-4

(D Go 0

co% I 0c
I- 1Ii T2 q r 00

oo 0 w0 o L
oýi

oI co eeq pq P-4ii

~~LI ~~ eq A 1 -4 I .4 i

-t C9,-

00 v 0
ol V 0oc I-

""q U'

m 0 u

p.4

m eq e
'-Iq c 0 -j C1

eq req

Q 0 cf) CO C

Goe A W r T-4

10- co

m0 0
V- eN



4. LUBRICANTS 179

involves chemical reaction, the metal surface must not corrode excessively

before the high temperature levels are reached where the film takes effect

against incipient seizure or high friction.

The role of E. P. additives in lubricants is particularly complex and

highly dependent upon the precise service conditions. Thus, reaction time

may be a controlling parameter because, if the decomposition and reaction

do not occur within the time interval needed for lubrication, friction may not

be !mproved and corrosion may be the only consequence. In metalworking

lubrication, it may be preferable to seek a highly reactive compound even if

the compound decomposes prior to entry Into the high-temperature zone. The

bulk of the published information on E. P. additives refers to their role in

machinery elementfi; reviews such as those by Molyneaux [41] and by Stewart

and Stuart [42] are directed toward application in gears, engines, bearings,

and related machinery uses. In this section attention will be directed toward

the mechanism of action of specific chemical groups in promoting E. P. ac-

tion. This knowledge will be useful in understanding or predicting lubricant

action in metalworking processes.

Chlorine Compo.unds

Various cblorinated hydrocarbons (mostly paraffins) are available com-

mercially for use as E. P. agents. Generally the chlorine content is 30-50%.

Sanin et al. [43] showed, in a systematic study, that effectiveness decreased
with decreasing chlorine content, the monochloro fraction (one chlorine atom

per molecule) showing no E. P. characteristics. They concluded that the

mechanism involved evolution of HC1 at elevated temperatures and subse-

quent formation of an iron chloride surface film. Other workers have sug-

gested t'hat HC! is released by hydrolysis with trace amounts of water,

indicative of a corzosive mechanism. No doubt both types of action occur.

Chloride flnrms may reduce friction more than sulfide films but suffer

the disadventage that they fail at a lower temperature; iron chloride (FeCl 3 )

ceases to lubricate when it sublimes at about 3000C in vacuo 140]. In the

presence of air and moisture, chloride films may fail by oxidation or some-

times by hydrolysis.

Sulfur Compounds

Numerous sulfur compounds have beci patented as E, P. additives. The

sulfur compounds must be of the appropriate reactivity for practical use,
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Compounds which have been used successfully include mercaptans, thio

acids, suIfonic acids, thiadiazoles, benzothiazole derivatives, and sulfurized

hydrocarbons and animal oils [42].

Commercial E. P. lubricating oil additives are usually a combination of

sulfur, chlorine, or phosphorus compounds either as mixtures or in the same

molecule; zinc or lead soaps and salts are frequently included. Sulfide films

are less easily sheared than chloride films, but are hydrolytically stable and

effective up to about 750 C in vacuo. Friction is usually reduced by includ-

ing an appropriate friction-r ',cing additive such as a fatty acid or soap

(frequently lead soaps).

The mechanism of the action of organosulfur compounds has been the

subject of many investigations reviewed by Allurn and Forbes [44].

Phosphorus Compounds

Effective E. P. action can be obtained from a large number of compounds

but especially the aliphatic anW ýuQ"atic phosphate esters, acid phosphate

esters, and metal salts derived from phosphoric, thiophosphoric, phosphinic,

and thiophosphinic acids. Some of these are listed in Table 4.13. The pos-

sible modifications by structure changes are extremely numerous. Sanin it

al. [43] show that in certain tests the thiophosphites were superior to the

thiophosphates and that effectiveness increased with shorteniig of an alkyl

side chain. It is evident that the chemist can make useful structure chfnges

to meet specific purposes for a given additive class. For metalworking

lubricants, it is probable that such sophistIcated changes may not be neces-

sary.

In a comparison of the reaction of phosphorus- and sulfur-containing

E. P. additives, the phosphorus component was shown to predominate over

the sulfur [45]. The surface condition is also important: Furey [46] showed

that surface roughness was an impoi-tant factor; prior phosphating of the

surface was also shown to be useful [47].

The action of phosphorus E. P. lubricants has been studied in some

detail and with a diversity of interpretations. An early study by Beeck,

Givens, and Williams 1481 attributed the lubricating mechanism of tricresyl

phosphate (TCP), a widely used E. P. compound, to the pllshing action

produced through formati.on of an iron-iron phosphide eutectic. This early

view was initially supported by the observation of phosphides in static, high-

temperature experiments [491.
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TABLE 4.13

Phosphorus Extreme Pressure Compounds

Class Formula

Aliphatic and aromatic R1 0 Arl0
phosphate esters

R20-P = O Ar20-P O

R3O/ Ar30/

Hydrogen phosphoric H

acid esters
RIO-P = 0

R20

Metal salts derived MO MO
from phosphoric,
thiophosphoric, phosphinic R2 0-P = 0 R1)O-P S
and thiophosphinic acids /

R3 0O R3 0/

MO \ MO\

R 2 = 0 R - P =S

R/ R I/

RI, R2 , R3 = alkyl; Arl, Ar 2 , Ar 3 = aromatic; M = metal

The present view is that the most polar ingredients in TCP act as the

effective antiwear additive and that TCP serves as a reservoir from which

the active form of impurity is generated by oxidation, hydrolysis, or

thermally induced surface reactions. Extremely low levels '0. 3%) of polar

impu.ities can induce the mLuchanism [50. 511.

Iodine Compounds
It can be assumed that members of the halogen series-fl,,orine, chlorine,

bromine, and iodine-will form metal halide films at high temperatures on

metal surfaces. Thus, each will have merit as E. P. lubricants. The use

of chlorine-containing lubricants has been nrentioned; these are important

because of their relatively !ow cost. Bromine and fluorine compounds are

noted briefly In the next section. Iodine, the highest member of the halk)gen
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series (molecular weight 126.91), provides some unusual E. P. properties

deserving of special mention.

Rowe [ 52] found that titanium iodide (TiI2), formed as a reaction product

by heating titanium in iodine vapor, gave low friction. The possibility that

iodnte and ioIne compounds have E. P. activity %as confirmed by Roberts

and Owens [63] and by FUrey [54]

Owens et al. [55, 56] suggest that charge-transfer complexes formed

by reacting iodine with aromatiC compounds fupction by producing a low-

shear-streugth metal iodide layer. FUrey [54] observed that iodine dissolved

in hydrocarbons markedly reduced friction, while bromine or chlorine were

ineffective. Since sliding contact studies with aluminum, gold, and glass

surfaces all showed similar results, Furey suggested tha. the formation of

a dijodide surface film was not essential.

While its merhanism of action is still debatea, iodine is unique in its

scientific development since it attained substantial confirmation of its per-

formance in laboratory experiments; widespread industrial application has

yet to follow, particularly with respect to metalworking lubricant uses.

Compounds listed in Table 4.14 are the known lamellar metal iodides [57];

these data may be considared in seeking new E. P. systems.

TABLE 4.14

Lamellar Metal Iodides [57]

Melting Point, Melting Point,

Compound C Compound C

AsI 3  147 MgJ2  700

Bil 437 MnI n.a.

Cal 2  575 NiI2 797

Cd2 390 Pb2 380

Cok 515 5b1 178

Fe2 593 T11 2  480*

Gel 2  n.a. V12 n. a.

Hg2 259 YbI2 n.a.

n, a. = not available

*Decomposition temperature.
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Bromine and Fluorine ComPounds

The E. P. actiao of bromine- and/or fluorine-containing agents is sug-

gested by the exper!ments of johIson, Swikert, and Buckley [58] on cobalt-

and nickel-base alloys lubric-ted at t•mperatures up to 650 C with several

reactive gas lubricants (CF 2 Br plus 1% SF 6 ; CF 2 Br 2 and 1:1 mixture of

CF 3 Br and CF 2 Br 2 ). An E. P. film was formed comprised of CoBr. and

NiBr 2 , respectively; both compounds have low shear strength. In these

experiments, no evidence was found to indicate that the carbon-fluorine bond

was ruptured. Since oxygen competes for metal surface sites, its presence

may be detrimental [59]. However, at 10 mm pressure, Baldwin and Rowe

[60] found that decomposition of CC12 F 2 vapors produced a lubricating film

on stainless steel that persisted up to a higher temperature (800-9000C) than

the film prepared from chlorine alone; it was conclh, d that a mixed chloride-

fluoride film was formed, but this was not confirmed by X-ray evidence.

Borate Compounds

Kreuz, Fein, and Dundy [61] investigated the ;- of borate lubricants,

generally 3% tribenzylborate (C6 H5 CH 2 0) 3 B in a light sol-vent neutral oil.

Films of a few thousand angstroms in thickness contained boron, ferrous

iron, and organic compounds. They were gray and were appreciably haider

than the steel substrate. The inorganic component of the film is coriparable

to that derived from a mixture of boric and ferrous oxides.

The results indicate that at least one other E. P. lubricating mechanism

is possible and that additional E. P. lubricants might be developed with po-

tential for metalworking application. It is even possible that the apparent

E. P. action is essentially a result of reduced adhesion between the contact-

ing members and, in this respect, the treatment could be a variant of

boronizing discussed in Section 3.25.

4.24 ;amellar Solids

Of the solid lubricants, the most widely used are graphite and molyb-

denum disulfide (MoS 2 ). Both are highly anisotropic and lamellar in crystal

structure. Many additional compounds-including certain metallic iodides,

chlorides, and sulfides-have been investigated for solid lubrication, but

these remain relatively less important. In this section, attention will be

directed toward the nature of lamellar solid lubricants.
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Graphite

Graphite has been recogmz=d slrce ancient times as a material occurring

naturally in volcanic rock, metamcrphlc strata, and sedimentary formations.

The graphite-bearing ore usually contains associated silicate miiaerals which

vary in kind and percentage depending on source. Graphite itself is hydro-

phobic (water-hating) and is electroconductive.

The classification of natural graphites is quite varied J#t three physi-

cally distinct common varieties are customarily distinguished: flake,

amorphous, ga9d lump. Flake is classified according to purity, with high

grades containing 95-96% carbon. Amorphous graphite is specified accord-

ing to locality and carbon content (seldom higher than 85%). Lump is fre-

quently a mixture of flake and amorphous and is not encountered in lubricant

applications. Bastian [62] indicates that the fine-flake types used in hot

metalworking lubricants Have 5 to 10% ash whereas amorphous grades may

have from 15 to 40% ash; the low-ash product is presumed to be better to

avoid abrasive ash buildup in heated dies.

The theoretical graphite crystallite is comprised of parallel layers of

planar hexagonal carbon rings as shown in Fig. 4. 10. Each carbon atom is

joined to three neighboring carbon atoms at 1200 angles to form a layer.
o 0

The C-C distance is 1.415 A, and the width of each "benzene" ring is 2.456 A.
0

The atoms are joined between layers at a distance of 3.354 A at room

temperature (d--spacing). Graphite from various sources will differ both in

details of crystallographic structure and in associated impurities. It is

1.415 .1

A

PLANAR/SDISTANE/

CO

A . .-

Fig. 4. 10. Structure of hexagonal grapazite.
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therefore necessary to rely on the supplier to furnish uniform products for

specific applications, such as lubrication.

The physical properties of graphite vary greatly with source, purifying

procedures, and, in the case of artificial graphites, with manufacturing pro-

cedure. Anisotropy is a characteristic property. Thus, thermal conductivity

is approximately 50% higher in the planar direction than in the perpendicular

direction. Similarly, tensile strength may be 50-90% higher parallel to the

planes than in the C -direction.

Colloidal graphite used for lubrication is a permanent suspension of

finely ground natural or manufactured graphite dispersed in a liquid carrier,

such as water, oil, or alcohols. Dispersions obtained as concentrates are

diluted for use. With respect to particle size, fine particles serve to aid

suspension; particles larger than 1 or 2 u cannot be permanently suspended

in water or liquids less viscous than water. However, the particles cannot

be too fine, since when ground to under 0. 1 p, the graphite structure becomes

turbostratic, not suitable for lubrication. The dispersive properties of

graphites can be controlled by the manufacturer; for example, the oxygen

content and hydrophilic nature of graphite is markedly increased by milling

[63].

The frictional characteristics of graphite in sliding under elastic defor-

Amation depend apparently upon the crystal structure and also upon the pre-

sence of adsorbed gases or vapors. The friction between graphite and metals

may be increased if solid solutions are formed at the interface. This is

shown in data cited by Mordike [64] in Fig. 4. 11 where the low friction of

graphite persists until solid-solution phases are formed. These experiments

were performed out of contact with air (in vacuo) and with relatively long

waiting periods between tests. In contact with materials stable at high

temperatures, graphite apparently shows an inherently low friction at very

high temperatures (i.e., above 1500"C and up to 20000C) independent of
.j

the presence of vapors. The influence of tjhese factors in metalworking is

not known.

The above discussion on graphite covers only a small portion of the

large amount of material available on the lubricating properties of graphite.

Further details will be found in the literature [40, 63, 65].
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Fig. 4.11. Friction of graphite on various metals [64].

Molybdenum Tfisulfide

Molybdenum disulfide has long been known as a lubricant, often being

mistaken for graphite because of its similar physical appearance and be-

havior. However, the two materials are quite different in their performance

as solid film lubricans especially with respect to environmental conditions.

The material used as a lubricant is derived from the mineral ore

molybdenite, MoS 2 . The lubricant grade is derived after co isiderable

processing and purification. Dickinson and Pauling [66] suggested that the

easy cleavage of molybdenite (MoS 2) was a consequence of its crystal struc-

ture. The structure is shown in Fig. 4.12. Each molybdenum atom is
0

surrounded by equidistant (2.41 A) sulfur atoms. Tha arrangement leads to

relatively close-packed layer-lattices of MoS 2 , which are three atom layers

thick and are held together by strong covalent bonding. The adjacent layer
0

is separated at a distance of 3.49 A. The bonding between these layers is

of the weak van der Waals type, and shearing takes place between the layers

of opposing sulfur atoms; hence low friction may be an intrinsic property of

the molybdenite structure. This contrasts with high electron bonding in

graphite.

Also in contrast to the observed behavior of graphite, oxygen and water

vapor cause decomposition of MoS 2 with a consequent rise in friction.



4. LUBRICANTS 187

lag ice;mlbeu , sml circes.

SI

I I
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S I I I I

Fig. 4.12. Structure of hexagonal molybdenite, MoS2 (Sulfur atoms,

large circles; molybdenum, small circles. )

Winer [67] reviewed the general properties of MoS2 in elastic deformation

sliding.

Miscellaneous Materials

The lamellar solids CrCl 3 and Til, show low friction analogous to

MoS2 , not dependent on the presence of vapors [68]. Another material

which, like graphite, has received attention because of its very low friction

at h;gh temperatures is boron nitride, BN. This material has good lubricat-

ing properties at room temperature in the presence of certain contaminants

[6G]. These materials are only a few of the many possible lamellar solids

that can be used as lubricants; their application in metalworking is specula-

tive.

4.25 Greases and Waxes

Greases can be used J-i metalworking applications where a highly viscous

and adherent lubricant is desirable, as in heavy drawing operations. This

contrasts somewhat with their use in machinery applications where the

ability to remain in place protects certain types of bearings agaitst intrusion

of dirt and extraneous materials.
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The modern definition of grease-a solid or semibolld lubricant consist-

ing of a thickening or gelling agent In a liquid lubricant-embraces not only

soap types but also complex nonsoap types. The material presented here

serves as an introduction to grease technology rather than a description of

specific viscous liquids, pastes, or greases applicable as metalworking

lubricants; such applications are discussed under the appropriate metalwork-

ing process, particularly wire drawing (Chapter 7) and deep drawing (Chapter

11).

Greases

The fluids used in compounding greases are comparable with dchsc used

for lubrica~ton. Thus, over 90% of die greases ccmpounded contain oil bi

the SAE 20 to 30 range (Fig. 4. 1). For high-temperatures, quite viscous

oils (2000-3000 SUS at 37.8 0 C) may be used. Synthetic oils, such as aliphatic

diesters, polymerized ethylene oxides, siloxanes or florocarbons may also

serve as the base of the grease. Since, in general, greases perform their

lubricant f&nctiori as a thia film not conducive to heat dissipation, oil volatil-

ity is a more important physical property than with liqud lubricants.

Greases are usually described in terms of the thivý.rning agent used:

(1) soap-type greases; (2) complex greases; (3) nonsoap greases.

The majority of all industrial greases are composed of , soap or soaps

and a petroleum oil; they may also contain filler materials and additives as

well. The mnost common agents are the fatty-acid soaps of sodium and

calcium, and more recently lithium. The fatty acids are usually oleic,

palmitic, stearic, and other carboxylic acids derived from tallow, hydro-

genated fish oil, petroleum acids, vegetable oils, as well as from wool

grease, tall oil, and rosin. Unreacted fats, fatty acids, alkali, glycerol,

rosin, etc., may also be present.

A complex grease is one in which the soap phase is prepared by the

solidification of two classes of compounds: (1) the soap and (2) a complexing

agent .iuch as water, salt, or an additive of some type. Boner [70J suggests

that much more than half of all lubricating greases now manufactured are of

this type.

Many investigators have offered X-ray diffraction evidence for the

formation of new chemical compounds, but generally it is concluded that

strong adsorption interactior.s could account for the diffraction properties of

complex soap greases. Current evidence tends to support this latter

L
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view [18]. Because of their improved properties, complex greases are

suited for multipurpose grease applications [71].

Nonsoap materials have been studied extensively as grease thickeners

because of their resistance to oxidation, radiation, and thermal effects.

Materials which have been used as gelling ager's include c.rganic pigments

(particularly metal phthalocyanines and indaxAthrene Y lue), organic bases

and derivatives, polymers, carbon black, silicas, silica gels, clays, and

metal oxides. Organic macerials such as arylureas, polyureas, polyethylene,

and poytetrafluoroethylene ,PTFE) have been developed for special purposes.

Solid powders are also added as fillers in greases for extreme conditions

of boundary lubrication. These may include graphite, molybdenum disulfide,

talc, zinc oxide, and, in certain cases, asbestos fibers.

One mechanism for the performance of these materials as grease thick-

eners suggests that colloidal dispersion of solids (polar and nonpolar) in both

polar and nonpolar liquids may be attributed to attractive and repulsive

forces at the solid/liquid interface. Another view p~roposes that chemically

bound water at the surface is the controlling mechanism. The ionic double-

layer theory has also been applied. For further review, refer to Bowcrs and

Murphy [18], Boner [70], and Harris [72].

Greases are non-Newtonian fluids, and the apparent viscosity is ne-

pendent upon the shearing rates imposed. For the technical identif cation of

grease flow properties, the consistency or hardness is determined in a cone

penetration te 't oy use of testing equipment defined in ASTM metho I D217.

The penetration is determined both on the unworked grease and after a

standardized working or shearing procedure. In addition to non-Newtonian

behavior, greases exhibit viscoelastic peoPerties 1181.

Chemical additives similar to those used in fluid lubricants are gen-

erally added to gr;iases for specific purposes such as oxidation resistance,

rust prevention, and extreme pressure application. In using these additives,

it is necessary to check for compatibility with the soap and oil in the given

formulation.

Waxes and Miscellaneous Products

Gum resin is usually distilled to recover rosin oils, certain of which

have the ability to form metal soaps. Rosin -is well as rosin residues are

sometimes employed in grease manufacture.



190 CHARLES H. RIESZ

Tall oil, a by-product of paper manufacture, is sometimes used as a low-

cost source of fatty acids for grease manufacture. Tall oil consists largely

of rosin acids and unsaturated fatty acids.

Waxes are compounds of long chain fatty acids and monohydric alcohols

of relativaly high molecular weight. Paraffin and microcrystalline petroleum

waxes are not included under this definition. Among the products in this

category are beeswax, carnauba wax, montan wax (from lignite), and

spermaceti wax. One product of interest is wool wax; its composition is

distinctly different from that of fatty materials.

Wool waxes, also known as degras and wool greases, are received as a

by-product of the wool processing industry. Nearly half of the wax is com-

posed of the esters of water-insoluble alcohols and slightly over half are

esters of complex fatty acids. Lanolin results as a refined, neutralizea

product.

Wool grease is soft and tacky. Since it adheres well, it is often used

in rust preventives and as a lubricant, chiefly in the textile industry. It has

polar properties due to varying small contents of free acids and free alcohols

(2-8%) and is generally viscous. Wool grease has good emulsifying proper-

ties and is compatible with petroleum oils. Many of these characteristics are

valuable in metalworking operations. Lanolin, for example, has been used

in both cold extrusion and in wire drawing.

Further informa~thn on the nature of wool grease, wool wax, and lanolin

may be found in Truter [73].

4. 26 Metal Coatings

The physical properties of soft metals were utilized by Bowden and

Tabor [40] to describe metallic friction and to form a basis for a general

theory of friction (Chapter 3). The action of a thin metallic film in frictional

contact with harder metals has been discussed in Section 3.47. This phenom-

enology has practical application to metalworking lubricants. Examples of

soft metal lubricants are cited for hot extrusion (Section 8.35) and for cold

forging and extrusion (Section 10. 35). Hard metal coatings serve to reduce

the w.ear of tools and dies.
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Hot-Dipped Coatings

Hot dipping, one of the oldest metal-coating methods, may be used to

produce soft metal films. The coating is formed when an article is dipped

into a bath of molten metal. In common commercial methods, the method

is limited to relatively low melting metals to avoid thermal changes in the

base metal. Thus, tin, lead, zinc, and aluminum account for most of the

dipped coatings applied to steel and iron as the basis metal. These coatings

are applied primarily for corrosion protection; their lubricating value, in

this case, .s i-ncidental. Actually, for the purpose of metalworking lubrica-

tion, the hot dJpping of steels in lead is extremely effective; however, it is

no longer commonly used because of the toxicity problems associated with

the lead coating process Ittelf and with the intended service. Thus, it is

unsuited as a lubricant for staiuless steels used in the food industry as well

as for atomic energy applications.

Prior to hot dipping in the molten metal, the underlying surface mnust be

carefully cleaned with sulfuric and hydrochloric acids. The surface film of

lead is held mainly by mechanical bonding, but is sufficiently strong to fa-

cilitate metalworking lubrication. The addition of small amounts of tin

(e.g., 2 to 10 wt %) will improve the adherence of the lead. A zinc chloride

or zinc ammonium chloride flux may be used. For other metals that are

soluble in the basis metal, the film is bonded by a very thin alloy layer.

Diffusion Coatings

In this method, surface layers of the basis metal are transformed into

an alloy by holding it in contact with a powder, ,- surface-deposited metal

layer, a fused salt, or a gas. Coatings prepared by this method are highly

uniform, but the r7 '- •d is limited to those metals capable of alloying with

the basis metal. The actual coating mechanism is through the action of

volatile metal-bearicg vapors. In most cases, the diffusi•, layer is formed

during the coating proc,:ss, although the layer is often nuated to high tim--

perature.9 in subsequent operations. The proceLs is used priun.rily to coat

die surfaces with ref,.actory, hard diffusion layers for the p; rixpse of im-

parting greater hardness, wear resistance, or reduced adhesion (see

Section 3. 25).
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Sprayed Coatins
Another general methou that applies ha.-d metals or ceramic coatings to

die or tool surfacis is spraying. For example, a wire of the spray metal can

be fed into the hot zooe of an oxyacetylene flame gun. An electric arc can

also be used, as in plasma arc spraying. Flame spraying and plasiba arc

spraying are used particularly for the application of refractory metals as

well as ceramic materials at maximum hoa-zone temperatures of approxi-

mately 50000 C and 15, 000 C, respectively.

Various Coating Methods

A wide variety of other metal coating procedures is available to apply

wear-resistant coatings to dies-for example, vapor deposition for titanium

carbide surfaces and electroplating for chromium. Other possible methods

include vacuum plaUMg, sputtering, chemical vapor plating, and fused salt

electrolysis [74, 751.

4.27 Polymeric Materials

Certain plastics, such as polyethylene and polytetrafluoroethylene

(PTFE), have inherent properties which make them useful in maiy sliding

applications. The following presentation is a brief introduction to the subject

but with emphasis on frictional properties. Various textbooks may be con-

sulted for detailed information on the constitution and properties of high

polymers [76-791.

Nature of Polymers

The main characteristic of a "plastic" is that it is a high molecular

weight polymer formed Ly repetitive chemical linking of one or more monomer

units. Examples of the repeat units comprising linear -type polymers often

used for frictional applications are presented in Table 4.15 [80]. The length

of the linear chain is determined by the average number of repeat units in

the structure. PTFE has a typical molecular weight of 10 million [801; the
0 0

rodlike molecule is very slender, 5. 62 A in diameter and 260, 000 A in

ilength (this is ccanparable to a string of 1 mm diameter and 46.2 m length).

Linear polymers (with varying degrees of branching and cross-linking)

are the most important for oiw friction uses. They are thermoplastic in

nature. At normal temperatures, the linear molecules are in constant

thernmal motion acco'nting for their flexibility. Upon cooling, a glass
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TABLE 4.15

Sructure of LUnear High Polymers and Transition Temperatures [80]

Polymer Repeat Unit Tg Tmf

H H
Polyeftylene -C-C- -120 137

H H

F F

Cl F

Polychiorotrifluoro- - C-01- 45 220
ethyleneFF

.4 Cl

Polyvinylchloride -C-87 212

H H

H CH3
I I - o 7P;.31ypropylene -c-c- -0 7
1 -18

H H

H CH3
Polyisobuqlene -C-C- -70, 128

H1H -60

Polystyrene -C-C- 100, 240

HH! 105

H OH

Polymethylinethacrylate -C-C- 105 160)

H COOCH 3
H

Polyoxymethylene -0-0- -50, 181
-80

H

Polyeaprolactarn -N-(CH 2 )6 -C- 50 225
(6 Nylon)I13
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TABLE 4. 15 (Continued)

Structure of Linear High Polymers and Transition Temperatures [80]

Polymer Repeat Unit Tg, Tm,
0gC C

HO 0l II il

Polyhexametbkylene -N-(CH 2)6-N-C-(CH 2 )4 - C- 50 265
adlpamide (66 Nylon) H

HO 0

Polyhexamethylene -N- (CH )6 -N- C-(CH2 )6 -C- 40 227
sebacamide
(6.10 Nylon) H

H H

Polyisoprene -C- C = C-C- -73 28
f I I I

H CH 3 H H

ORO
II I tl

Polyimide -C-N-C- 220- none
370

transition temperature (T ) is reacted whevae the molecules become immobile

(Table 4.15). This point can be depreised by dissolving plasticizers that

provide even greater flcxibilit,. Below T the frictional mechanism of the

plastic re:.erables that foa me.als. Above T the plastic is partly crystalline
and partly amorphous sc tha. fivitioriai properties will be intermediate be-

twien that c_- a motal rnd .,f a vscoelastic material. The crystallinity of the

plastic diqanpears it 'he .o-_ailed melting pohlt, Tm. Above this tempera-

tur-', the plastic m'y assuine th, character cf a non-Newtonian fluid, pro-

vided extensive thermal depolymei 1_-atio-, or decomposition is not involved.

Another broad class of polymers comprises those in which extensive

cross-linking occurs upon application of heat. This property is used in

processing since the materials soften and flow when heated, but then Ir-

reversib4y harden to a rigid shape. Important examplet of such thermo-

setting resins are the phenolics (phenol formaldehyde), amino resins (urea

and melamine forrialdehyde9j, epoxies, urethanes, and ansaturated poly-

esters. These often contain fillers auch a carbon black, w(,ed flour. panar,
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fiber glass, graphite, and molybdenum disulfide, which further increase

rigidity and other properties. In general, the inherent lubricating proper-
ties of this class of plastics may be considered poor, but the capability of
good adh6rence to metal surfaces may be useful for mealworking purposes.

The physical properties of plastics cover a wide range. Table 4.16

lists a few materials along with comparable information on several metals

180]. Plastics arc not as hard or as strong as metals. However, strength-

to-weight ratios are often high, especially that of the nylons. The thermal

conductivity of plastics is low, approximately 0.05% that of copper. This

fact, along with the relatively low heat resistance of plastics, indicates that,

in sliding applications, the removal of heat Icomes important.

Polymer Classes

Since individual polymer classes have unique characteristics, specific

comments will be made on a few of them.

Nylons. Nylons are known for good friction and wear properties, gen-

erally in bearing applications. Additions of PTFE, molybdenum disulfide,

and graphite lower, friction. Nylons tend to adsorb water, and this may in-

crease friction 181]. Further information may be found in several refer-

ences [82-84].

Acetal Resins. The term acetal resins is applied to polyme. s containing

the linkage

-CH 2O-CH20-

as part of the chain struc~tre. The materials have a low coefficient of fric-

tion as well as high strength and stiffness. Cost is relatively low. Both

friction and wear properties can be improved by ýncorporating PTFE and

powdered molybdenum disulfide fillers.

Polyimides. The polyimides are strong, temperature-resistant

polymers. Compared to most plastics, the aromatic polyimides exhibit low

thermal expansion and have good resistance to creep even at temperatures

as high as 600 C. The sliding properties of the polyinutdes are good but can

be improved by incorporation of graphite; Devine amc K oll [851 used a com-

posite structure of this plastic as retainer rings for ball-bearing assemblies

operating as high as 370 0C wd 10, 000 rpm. At higher temperatures (e.g.,

at S00 C) a charred residue is obtained. The products are relatively recent
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developments and can be prepared with a wide variety of aromatic structures

fhat have unusual properties [79].

Polycarbonates, The polycarbonates are characterized by high impact

strength, low thermal expansion, and high heat-distortion temperatures. The

plastic itself has poor friction and wear properties but can be improved by

incorporation of tetrafluoroedWlene products. Low mold shrinkage of the

plastic makes It useful for precision gears and sliding parts.

Polyethylenes. The polyethylenes have good friction properties, are

quite low in cost, and are now available in both a low- and a high-density

form. The latter form is stable at slightly higher temperatures but, in

general, service is limited to about 70(C. However, inspection of the

structure (Table 4.15) indicates that polyethylene, as well as polypropylene,

is merely a high molecular weight hydrocarbon. In metal deformation

processes, these polymers function as exceptionally high molecular weight

paraffinic waxes.

Polytetrafluoroethylene. PTFE is unique among the plastics; its

behavior is complicated by the existence of crystalline transitions at 190 and

30 0 C which confuse data at near ambient conditions. Various transient ef-

fects have been observed as a function of sliding speed and humidity. Early

investigators including Shooter and Tabor [84] concluded that adhesion of

PTFE was so low that shearing occurred at the interface rather than in the

bulk. Makinson and Tabor [86] later suggested that a transferred film is

formed in a manner similar to laying down a pack of cards; on glass, friction

regimes related to fragments and to continuous film transfer can be discerned.

Hanford and Joyce 187] proposed that the low friction of PTFE is caused

by the shielding of the charge oa the carbon atom by the large fluorine atoms;

this would minimize interchain bonding forces and lead to exceptionally low

molecular cohesion. SteiJn [80], reviewing the subject of PTFE friction,

indicates that deforihation and shear through the interface must be dominant;

however, the fundamental basis for the astonishingly low friction has not

been satisfactorily explained.

Fluoroethylene Polymer. A variation of PTFE can bc made by forming

a copolymer of tetrafluoroethylene and hexafluoropropylene, usually called

FEP. This polymer is generally similar to PTFE but can be fabricated
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irore readily. Its crystalline melting point is 2900C compared with 3270C

for PTFE, and its friction is slightly higher.

Kel-F. Another important commercial product closely related to PTFE

is Kel-F in which one fluorine molecule Is replaced by chlorine. In addition

to lower cost, the product has different physical properties.

Plastics as Metalworking Lubricants

The use of polymers in industrial metalworking applications is Miggested

by a number of experimental studies that will be found in Chapters 6 to 11.

Polyethylene should receive more attention because of its attractive low

cost. Polyimides and polycarbonates may have application because of their

exceptional high-temperature stabilities. Most plastics are not stable at

high temperatures, but the decomposition products may contribute to lubri-

cation. Despite low friction and good thermal stability, PTFE and related

polymers have not found wide application in experimental metalworking

studies. This may be related to the difficulty of attaching the polymer to

metal surfaces as well as to high cost.

4.28 Oxides and Miscellaneous Solid Lubricants

The lubrication of metals at high temperatures is markedly affected by

the presence of oxides on the contacting surfaces. Oxides may form on the

metal or alloy surface; oxides unrelated to the metals can be interposed at;

parting agents in a relatively unattached fashion; and finally, oxides as well

as any solid lubricant can be attached to the surface by bonding materials.

Because of experimental difficulties in assessing fundamental aspects of

friction at elevated temperatures, the findings of many investigations may

appear to be at variance with one another. The broad survey presented here

highlights the variables most pertinent to deformatioa processtng.

Oxide Films Formed on Metals

For metalworking purposes, the relatively thin oxide films formed on

preheating in an industrial atmosphere (most frequently air) or on holding

in air are of greatest interest. Thick oxide coatings cause surface dainage

snd die abrasion and are usually removed prior to deformation.

In metalworking processes, the important factor is the surface strain

to which the oxide !s subjected and the mechanisms by which the oxide films

act as a lubricant. The best experimental evidence is due to Male and



I

4. LUBRICANTS 199

Cockcroft [88], who used the ring compression test (Section 5.25) as a means

of studying friction during plastic deformation. Further studies by Male [89,

90] on the high-temperature friction of titanium, 60/40 brass, and 18/8

stainless steel suggested three possibilities for lubrication: (1) the oxide is

friable or powdery; (2) the mechanical properties of the oxide film (or oxide

films of dissimilar metals) may be such that the shear strength relative to

that of the metal decreases at a greater rate as temperature is increased;

(3) local surface melting occurs. Examples of all three mechanisms have

been found.

Copper and Mild Steel. On these materia.s the mechanism is related to

case (2) above. Tylecote showed that the strength of copper oxide films on

copper decreased rapidly as the temperature was raised progressively above

5000C [91] and that the strength of iron oxide (FeO) decreased rapidly in the

range 700-900QC [92]. These changes coincide witd a decrease in measured

friction in the saihe temperature range [90]. It should be emphasized that

these changes are reversible with temperature, thus ruling out the formation

of friable oxide layers; melting must also be ruled out since large variations

In strain rate did not significantly influence the friction coefficient.

Of the three oxides formed on iron-FeO, Fe3 0 4, and Fe O3 -- Tylecote

[92] found that t,• weakest layer was that of wUstite (FeO) and that it suf-

fered a large loss in strength over the range 700 0-900 0 C. The strength of

hematite (o -Fe 2 03) actually increased to a peak at 1150 0 C. Both Male [93]

and Schey [94] have noted a decrease m friction of mild steel above 7000C

(Fig. 4.13).

Brass. In metalworking tests [88, 90], the friction of brasses increased

with zinc content, friction becoming especially high with brasses containing

more than 15% zinc. In simu~ating experiments with hemispherical riders on

a flat specimen Hinsley et al. {95] observed that above 700'C,. a friable layer

of loose powdered ZnO which formed on 70/30 brass gave low friction that

persisted even when the system was cooled to 20 0 C.

The difference in the behavior of the same oxide in the two sets of

experiments w~ay be explained from the test geometry. In the metalworking

tests, the ZnO skin layers were compacted and confined, whereas in the

sliding test, the friable oxide powder acted as an effective lubricant. A

90/10 Cu-Zn alloy gave high friction both in metalvorking and in simulating

1.
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Fig. 4. 13. Influence of temperature on coefficient of friction in twist

compression of mild steel with three anvil materials [94].

tests, because the oxide consisted or two distinct layers: the outer, soft

Cuu2 0 layer was penetrated by the rider, and the high friction of the under-

lying ZnO film prevailed.

These results indicate the need for a careful interpretation of frictional

experiments. The Cu-Zn system is rather unusual in that the properties of

Cu20 and ZnO are disti, '1y different. Under appropriate conditions both

the soft, ductile Cu, O and the hard, friable ZnO can function as a lubricating

agent.

Nickel and Nickel Alloys. Tylecote 1921 found that nickel oxide (WiO)

is exceptionally strong, with a peak strength at 900 0 C. It could be expected,

therefore, that In deformation processes where the oxide is confined be-

tween the contacting surfacce, friction should increase with terL.. ature.

This was indeed found by Male 1901 to hold in the temperature range 200"-

925 0 C. It is conceivable that the high friction found around 900 C on stain-

less steel is associated with this peak (Fig. 4.13).

In contrast, Pt.tersaon et al. 1961 and Foley et al. 1971 found in sliding
tests that nickel oxide must act as a lubricant for nickel at high temperatures

since, in an inert atL •sphere but under otherwise identical conditions,

,,-, remained high. One might surmise thit the beneficial effte*ct of the
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oxide is attributab]e to the formation of friable powders, which lubricated in

the rider on flat tests, bit not when confined between tool and workpiece sur-

faces.

Other Metals Results obtained by Male [90] in rir4j compression tests

suggest that both aluminum and titanium form hard oxide films which possess

little or no lubricating quality. These oxides are known to be brittle, but re-

main embedded in the sur'q~ce, and when the surface area is increased as a

result of plastic deformation, fresh surfaces are exposed. Since both metals

show high adhesion, high friction is registered.

The oxide film formed on magnesium is powdery and acts as a lubricant;

therefore, friction decreases with increasing temcperature. Frictlon in-

creases on lead and zinc with increasing temperature, because the oxide

films are harder than the respective metal substrates.

Refractory metal alloys form oxides which are effective lubricants. The

low friction found in sliding stainiess steel against tungsten carbide anvils

may bt attributab:c to the oxide formed from the carbide surface at tempera-

tures in excess of 900 °C [95].

Thickness and Relative Hardness of Oxide Films. One factor c intribut-

ing to the difficulties of interpreting lubrication by oxide films formed on

metal surfaces is the effeAt of thickness. Rabinowicz [98] suggests on the

basis of pin-on-disk experiments that a critical oxide thickess of 0.01 Ai

must be attained if the oxide film is to act as a lubricant; this concept needs

confirmation, particularly for surface extension typical of metalworkhig

processes.

A second factor governing the lubricating properties of an oxide layer is

the relative hardness of oxide and substrate metal. Rabinowicz 198] prtsents

the following hardness ratios for a number of metal oxide-metal combina-

tions:

Hardness Ratio,
Hoxide' Hmetal

Molybdenum 0.3
Tantalum 0.6
Copper 1.6
Niobium 1.8
I•... c,!•1 2.0
Lead 20.0
Aluminun. 70.0
Tin 90.0
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While the effect of test temperature is not considered in this listing,

metals with a ratio from 0.3 to 2.0 may be expected to show reasonably low

friction In air, as confirmed generally by friction studies [ 90, 96, 98]. How-

ever, several additional factors need clarification, if an accurate prediction

is to be made. These include changes of relative hardness with temperature,

the nature of the attachment of the oxide layer (loose or adherent), ductility,

friability, and melting.

Finally, as we have seen, the geometry of the frictional system itself
will influence the lubricating performance of oxide layers. In many metal-

working processes, the surface films will tend to be confined between con-

tacting surfaces, and fresh metal surfaces exposed by the extension of the

surface may not have access to oxygen.

Specific evidence for the role of metal oxide films as lubricants in

metalworking processes will be found in Chapters 6, 8, and 9.

Externally Interposed Oxides

Externally interposed oxides have been applied extensively as lubricants
for metalworking processes. The role played by such oxides at high tempera-

tures has been considered by a number of investigators including Male [93J,
Rogers and Rowe [99], and Peterson, Florek, and Lee [96].

Oxides may be liquid, and glass lubricar.:s have already been mentioned

as a special case in Section 4.21. Male [901 i.monstrated that a sharp droD

in friction occurred when boric oxide powder coated on titanium was heated

above the melting point (5770C). Peterson, Murray, and Florek [1001 found

that various complex molybdates and tungstates showed a reasonable bor-
relation with melting point but that, in general, strict correlation was not

possible.

Solid oxides may also be usd as lubricants. Male 1931 showed that

various metals which normally , e high friction could be lubricated by
powdered oxi'rYs. •pecific examples included the lubrication of 18/8 stainless

steel by copper or iron oxides, titanium and 60/40 brass by copper, and

60/40 brass by zinc oxide. Rogers and Rowe 1991 proved that infusible pow-
ders such as lime (CaO) and blate can be used effectively as lubricants for

the hot extrusion of steel. Peterson, Florek, and Lee [961 investigated a

series of oxides at 704)C; hard oxides (NiO, Fe3 04, and Cr203) were in-

effective, the soft o.xides (Cu2 0, ZnO, Co20 3 ) gave low friction, and PbO

was the best lubricant. PbO was found effective both below and above its
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melting point, particularly in combination witt, a small amount (less than

7.5%) of SiO2 [101]. Some oxides (B2 0, and MoO3 ) become effective only

when the temperature is high enough to melt them. The principal problem

with powdered oxides may be to achieve satisfactory attachment to the sur-

face, This phase is covered briefly in the next section.

Bonded Lubricants

The nature of many solid lubricants is such that although they have out-

standing low-friction properties, attachment to the surface is poor. Not

only do powdered oxides suffer this disadvantage, but even solids a, nh as

graphite and molybdenum disulfide benefit from firm bonding. Two general

methods of attachment are commonly used-resin bonding and inorganic

bonding.

Resin-bonded, solid lubricants can be applied by brushing, dipping, or

spraying. Such coatings may vary from 5 to 20 p in thickness and show the

best properties at about 12-131p. The resin itself can be air-dried (for

example, certain thermoplastic resins such as cellulosics or acrylics). It

is more common, however, to use heat-cured resins; a typical cure is 1 hr

at 150-200CC. The heat-cured thermoplastics normally used include alkyds,

phenoilcs, epoxies, and silicones.

Pretreatment of the metal surface is important. Phosphating, anodizing,

and mechanical blasting are among the pretreatments that can be us,--d; for

stainless steel, a chemical etch might also be considered. The proportions

of binder and solid lubricant are very important and will depend on the ma-

terials used, the hardness of the metal surface, and the intended use. A

listing of com-mercial formulations, baking schedules, pretreatment recom-

mendations, and o.her variables was given by Campbell, Loser, and Sneegas

[102].

For high-temperature iubrication. ceramics or salt-based binders give

greater heat resi..- w.xce than resins. Also, lubricants whi',. have more

oxidative stability thad either graphite or molybdenum disulfide may be ur-ed.

The dry lubricants could thus include ead oxide, lead sulfide, calcium

fluoride, gold, or silver. The bond,'.g agents raz.e from water-soluble

silicates and phosphates to glasses and high-temperature ceramics.

An excellent review of the principles and applications of solids for

lubrication is given by Braithwaite and Rowe [03].
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4.3 EMULSIONS

In m3talworkbn lubrication, It is often necessary to provide a mixture

of lubricants and water to serve a namber of finctions Iwcdlng delivery of a

lubricant (ilquid, solid, or combinationsj to the metalforming operation and

use of water as a heat sink to limit temperatures. A thorough coverage of

emulsions would be well beyond the scope of this presentation. Introductory

material and a brief discussion of emulsions are given here; for greater

depth, rezerence should be made to Becher r04], Osipow [105]. and Griffin

[i061.

4.31 Definitionr'

When two imniGcible liquids are combined and shaken, one of the liquids

will assume the for;a of droplets dispersed in the other liquid. Thia system

is called an emulsion. Once agitation ceases, t).e dispersed droplets begin

either to rise or fall depending on whether the density of the surrounding

e.ternal or continuouA phase is greater ov tess than that of the dispersed or

discontinuous phase.

Addition of an emulsifying agent reduces the size of droplet& and delays

settling and coalescense. Given sufficieot time, the two phases will again

re-form, but the elapsed Lime can vary from a few second to years.

ie most inportart emulsions industrially are oil-in-water (0/N)

emulsions having oii dispersed in water as Wne continuous phase, and wafer-

in-oil jW/O) emulsions in which ,- .ter is dispersed in oil. Proprietary

"soluble oils" are 0/W emulsions which can be diluted conveniently to

concentration c appropriate for the desired operation.

In pra.rtzlal applications, era lsions are often classified by appearance.

An apprx.imation of the effect c.f particle size of the droplets is summarized

in Table 4.17.

The stability of an emulsion depends upon particle size, density differ-

2nce between phases, viscosity of the continuous phase as well as that of the

prepared emulsion, particle charge, nature and amount of emulsifier,

temperature, agitation, and dilution or evaporation in storage. When for

any reason the emulsion breaks down, somc of the dispersed phase separates.

It is customary to differentiate between creaming, inversion, and

demulsification E104]. Creaming is separation into two emulsions, one

richer in the dispersed phase ("cream") and the other poorer thir! the
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TABLE 4.17

Effect of Particle Size on Appearance of Emulsions [106]

Particle Size, I Appearance

Macro globules Two phases may be distinguished

>1- Milky-white emulsion

1-0.1 Blue-white emulsion

0.1-0.05 Gray semitransparent

< 0. 05 Transparent

original emulsion. Inversion causes the emulsion to change from O/W to

W/O and vice versa. The breaking of emulsions or demulsification, is en-

countered in connection with the disposal of emulsions. First, there are

the problems of separating and recovering the lubricant emulsion phase from

tramp oils and other wastes. Second, the discharge of emulsions and oils

into streams must be carefully controlled in order to minimize water and

stream pollution.

4.32 Emulsion Theory

The prediction of emulsion behavior remains largely a matter of art

rather than science; nevertheless, the simple adsorption theory given below

is sufficient to describe many emulsions of the type encouniered in metal-

working lubrication.

The fatty acids, alcohols, amines, and amides-already discussed as

boundary lubricants--have in common a molecular structure in which each

molecule may be considered to consist of two distinct sections, one polar

and the other nonpolar. The polar portions are characterized by varying

degrees of water solubility. In acetic acid,

0

H3C-C-OH,

the carboxyl group, -COOH, dominates the molecule and the compound is

infinitely soluble in water, while the much longer chain stearic acid is only

slightly (0. 034 g per 100 ml of water) soluble in water. The polar portion
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of the molecule is commonly referred to as the hydrophilic (water-loving)

group, and the nQnpolar as hydrophobic (water-hating) or, better, as

lipophilic (oil-loving). Tiiis description of stearlc acid is shown in Fig.

4.14, where the carboxyl group is the polar, hydrophilic head and the

C17 H.5- hydrocarbon group Is the nonpolar, lipophilic tail. This useful

convention, introduced by W. D. Harkins, is particularly helpful in describ-

ing the role of soaps as emulsifying agents.

Langmuir and Harkins [107] showed that the stabilizing surface film at

the oil/water interface consists of a monomolecular film with the polar

groups oriented toward the water phase and the nonpolar hydrocarbon chains

oriented toward the oil. An cil-in-water emulsion stabilized by sodium

stearate is represented schematically in Fig. 4.15a. The hydrocarbon tail

tends to dissolve in the oil, and its chains are oriented inward. The polar

-------------

H 2  H2  H2 H 2  H2  H2  H2  H2  /0

I C (SH3 C/ \C/ \C/ \C/ \C/ \C/ \C/ \c/ \C/ \OH /I

H2  H2  H2  H2  H2  H2  H2  M2 KI----------------------------- - •J

LIPOPHILIC TAIL-" HYDROPHILIC HEAD-

Fig. 4.14. The hydrophilic-lipophilic structure of stearic acid.

-.. --- OIL

OIL- -WATER_

(a) (b)

Fig. 4. 15. Stabilization of emulsions according to the oriented

wedge theoi,. [1041.
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sodium carboxyl groups, -COONa, are oriented toward the water phase.

The stabilized configuration has been called the "oriented wedge, " by

Harkins [107].

Figure 4.15b portrays the film surface in an emulsion stabilized by a

bivalent metal soap and demonstrates that a water-in-oil type of emulsion is

highly favored for this class of soaps, while oil-ir-water emulsions are

formed by soaps of univalent metals (Fig. 4.15a).

The above theory affords a ready conceptual interpretation of emulsions
bWt has obvious shortcomings in explaining ermulsions in general. Further

discussion will be found in Becher [104], Osipow [105], Sheludko [108],

Sherman [109], apd McBain and Hutchinson [110].

4.33 Emulsifiers

Surface activity has been defined as the pronounced tendency of a solute

to concentrate at an interface. Our interest is directed here towards an

ability to form and stabilize emulsions, but surface-active agents also have

ability to wet surfaces readily (wetting agents), remove dirt (detergents),

penetrate porous materials (penetrants), and disperse solid particles (dis-

persants). It should be mentioned that surfactants are also capable of pro-

ducing lubricant films.

The water-solube surfactants are, by far, the most important for

metalworking emulsions. Classification can be made into four general

types: (1) anionic (long chain carries a negative charge); (2) cationic (long

chain carries a positive charge); (3) nonionic (does not ionize in solution);

(4) amphoteric or empholytic (ionizes in solution with the long chain con-

taining either a positive or negative charge depending on the pH of the

solution).

Anionic Emulsifiers

The water-soluble soaps based on long-chain carboxylic acids are the

best known of all the surfactant agents and are still important emulsifiers.

These soaps generally contain from 12 to 18 carbon atoms per molecule and

are der& :ed from the mixed fatty acids of tallow, palm oil, coconut oil, lard

oil, etc. Both potassium and sodium soaps are used, but sodium soaps are

the most uoommon. Soaps prepared from unsaturated fatty acids are more

water-soluble. The coaspb ate l.ighly tlkaline with a pH of approximately 10

and are therefore incompatible with (mineral) acid and hard waters from
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which insoluble calcium and magnesium soaps are precipitated. In use, the

soap itself tends to hydrolyze and form mixed surface films containing both

soap and fatty acids.

Other anionic sur~actants are, with few exceptions, based on the hydro-

philic groups -SO3Na or -SO 4Na (sulfonate or sulfates). The reason is that

sulfuric acid AB the cheapest acid that can be used to introduce a hydrophilic

group into a lipophilic organic molecule. The compounds, such as dodecyl-

benzene sulfonate and sulfated vegetable oils, typify this class. The Latter

group includes "TUrkey Red Oil" or sulfated castor oil and "sulfonated red

oil" which is really a sulfated o!eic acid. These oils are frequently used for

the preparation of emulsion systems.

Cationic Emulsifers

Cationic surfactants are sometimes called "invert soaps" because their

ionization is the reverse of that of the anionic soap agents. In the cationic

agents, the long-chain hydrophobic group becomes the cation and the anion

is generally a chloride or bromide ion. These compounds (usually quaternary

ammonium compounds or amines) are soluble in water over the entire pH

range but the surfactant is ionized and carries a positive charge only in acid

solution. The cationic agents are strongly adsorbed on negatively charged

surfaces (e.g., many metals) and all have germicidal properties.

Anionic and cationic agents are incompatible, forming precipitates in

aqueous solution. Both anionic and cationic agents are compatible with

nonionic agents discussed next.

Nonionic Emulsifiers

The hydrophobic groups in the nonionic compounds are the same as in

the anionic and cationic classes, but the hydrophiiic groups are different.

They are generally end-substituted polyethylene glycols, R(OCH 2CH2 )nOH,

where R Is the hydrophobic group (e. g., derived from stearic acid, oleic

acid, etc.) and the hydrophilic group is a chin of ethylene oxide units

(polyethoxy groups, -OCH 2C H2 -) ending in a b'•.' ,y1 group.
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Ampholytic (Amphoteric) Emulsifiers

Ampholytic surfactants contain both an anionic and a cationic group; they

are cationic in acidic solutions and anionic in alkaline media. The long-chain

amino acids serve to illustrnte this type of behavior:

HC1 H + -

RNHH2OO___upO (N 2 CH2 00 Cl+
RNHCH 2COOH • (RNH2Ci 2 COOB)+Na-

(_RNHCH2COO)-Na+

NaOH

Ampholytic surfactants may also be prepared with a svlfate, sulfonate,

or phosphate as the anionic grout in place of the carboxyl group.

Naturally Occurring Emulsifiers and Solids

Many members of thAs class may be grouped under the previous hendings.

Many of them by themselves are relatively inefficient but are of value in

conjunction with other ,.-mulsifying agents. Frequently, they contribute to

high viscosity and may have value in reducing creaming. Phospholids and

sterols, found as minor constituents of many fats and oils, may be grouped

in this class. Lanolin, long known as a stabilizer of W/O emulsions, is

another natural emulsifier. Water-soluble gums of vegetable origin (such as

gum arabic, gum tragacanth, guar gum) are complex salts of naturally oc-

curring acids, e.g., calcium salt of arabic acid.

Finely divided solids also may have emulsifier properties. These in-

clude basic salts of the metals, carbon black, and various clays (particularly

bentonite). The type of emulsion obtained depends on the extent to which the

solid particles are preferentially wetted by either the aqueous or oil phases.

4.34 HLB Evaluation

The efficiency of an emulsifier is difficult to express in exact terms.

PerhPps the best approach is that originated by Griffin [111]. The hydro-

phile-lipophile balance (HLB) of an emulsifier is an expression of the balance

of the size and strength of the hydrophilic and lipophilic groups contained in

a given compound. An emulsifier that is lipophilic in character is assigned

a low HLB number (below 9.0) whereas one that is hydrophilic is assigned a

high HLB number (above 11.0). Those in the range of 9-11 are intermediate.

The O/W dispersions encountered in nietalworking lubricant emulsions have

the broad range 8-1. The advantage of the method is that the selection of
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emulsifiers can be expedited and rationalized. In almost all practical sys-

tems, the synergistic action of a blend of emulsifiers can be selected that

will provide the maximum emulsion stability and other desired properties.

The HLB values of materials used in metalworking lubricant composi-

tions can be found in Becher [104] and in other sources. For practical pur-

poses, it is useful to kmow the "required HLB" of an existing emulsions sys-

tem, as in Table 4.18, or to make a determination of this value by compari-

son of trial emulsions prepared with known HLB emulsifiers. It is then

TABLE 4.18

HLB Values Required to Emulsify Various Oil Phases

w/o o/W
Oil Phase Emulsion Emulsion

Acid, lauric - 14

Acid, linoleic - 16

Acid, oleic - 17

Acid, ricinoleic - 16

Acid, stearic - 17

Alcohol, cetyl - 15

Alcohol, lauryl - 14

Benzene - 15

Castor oil - 14

Chlorinated paraffin - 8

Cottonseed oil - 7.5

Kerosine - 14

Lanolin, anhydrous 8 12

Oil: mineral, aromatic 4 12

mineral, paraffinic 4 10

Mineral spirits - 14

Naphtha 13
Pine oil - 16

Wax: Beeswax 5 9

Candelilla - 14-15

Carnauba 12

Microcrystalline - 10

Paraffin 4 10
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possible to evaluate various emulsifier blends in order to determine minimum

concentration, lowest cost, maximum stability, and so on, by trial-and-error

preparations made under e)perimental conditions simulating those prevailing

in the plant. At best, the procedure is highly empirical but it provides a

rationale that is useful in resolving plant problems.

4.35 Demulaification

Parameters associated w.,Ji breaking of emulsions or demulsification

may be beyond the province of hlbricant emulsions but deserve some mention

because of their importance in lubricant disposal.

Emulsions, in a practical sense, can be broken by adding an emulsifier

that will throw the emulsifier combination out of balance with the requirt

HLB for the oil. The destruction of nonionic emulsifiers is quite difficult

except by relatively drastic means such as chemical attack. Anionic emulsi-

fiers can be readily destroyed by addition of acid. For example, the HLB

of sodium oleate is 18 whereas that of oleic acid is 1; acidification thus com-

pletely destroys the balance. Emulsions stabilized by ionic emulsifiers may,

in general, be broken by addition of electrolytes such as aluminum or ferric

salts since the stabilizing charges of individual particles may be eliminated

[1o4].
Practical methods of breaking W/O emulsions include settling, heating

or distilling at atmospheric or elevated pressures, electrical dehydration,

use of chemicals, centrifuging, and filtration-alone or in combination.

4.36 Bacteriological Attack

Since lubricant emulsions contain bacterial nutrients (fats and their

derivatives), water, and o'xygen, it is not surprising that microorganisms

can flourish in emulsion systems. Phosphorus, sulfur, and nitrogen com-

pounds, normally included in many lubricant formulations, are also effective

nutrients. The growth of microorganisms can cause significant lubricant

deterioration, filter stoppage, and corrosion.

High temperatures will kill the bacteria, but continuous and complete

pasteurization would generally be impractical. Also, while pockets of

stagnation in the pipes and storage tanks can be minimized, they probably

cannot be eliminated completely.
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Chemical sterilization of the lubricant emulsions can be effected through
the use of chemical bactericides including chlorinated compounds, such as

dichlorophenol, or tar acids. Since biological conditions tend to change,
some type of microbiological test should be used to indicate the extent of

infection and the efficiency of any control methods. Hill [1121 has described

a case history of control in an aluminum rolling mill. Generally speaking,

high concentrations of bactericide are necessary to kill the organisms while

much lower concentrations can be used to prevent growth and reproduction.

4.37 Emulsions of Metalworking Lubricants

A great variety of emulsions find use in various metalworking operations.

Water-in-oil emulsions are occasionally used, in the form of paste, but most
frequently the emulsions are of the oil-in-water type. Water has a high heat

capacity, good heat transfer properties, and is also inexpensive. For th.is

reason it is used whenever the deforming dic or the workpiece has to be

cooled or where the duties of the lubricant are modest enough to permit

substantial dilution of the oily phase. The detailed compositions, mode of

application, and quite often even the terminology use( to describe various

emulsions vary accordiug to the metalworking processes; therefore, more

detailed discussion of the subject will be found in Chapters 6 to 11. Section

6.3 covers the most important application, cold rolling lubricant emulsions,

with details and treatment ia Section 6.34.

4.4 CONVERSION COATINGS

Coatings have proven valuabl? and sometimes essential for assuring

adequate lubrication in several metalworking processes, including wire

drawing, cold extrusion, and sheet forning of various ferrous and nonferrous

metals and alloys. Prior to lubrication, an adherent coating Is applied to the

workpiece surface; the most familiar example is that of phosphating of

steels. Conversion coating processes are described in this section, but

for their application to specific processes and materials, reference should

be made to Chapters 6 to 11 of this book.
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4.41 Phosphate Coatings

Phosphate coatings find a wide application on steel for corrosion pre-

vention and for bonding lacquers, paints, or other protective and decorative

coatings to the surface. However in the mid-thirties, Germart technologists

found that phosphating greatly improved lubrication in severe metal forming

operations and, after World War II, t-e practice became widespread. Orig-

inally, some investigators thought that the phosphate had plastic properties

and acted as a lubricant. It has since been found that the phosphate film

alone has high friction; the combined action of the phosphate film and added

lubricant is needed to obtain effective results. Zinc phosphate coatings are

widely used in metalworking applications; manganese phosphate and iron

phosphate coatings are also encountered, but they are generally applied for

other purposes [113-115].

Chemistry of Phosphate Coating

All phosphate coatings are produced by the same chemical mechanism.

Phopphating is carried out in a weak acidic solution of the primary phosphates

of a heatry metal. The acid reacts with the metal, and a thin iilm of solu-

tion adjacent to the metal surface becomes neutralized by virtue oi this

r'ttack. A rise in pH occurs coincident with the formation of local electrolytic

cells on the metal surface [116]. At the anodic points metal goes into solu-

tion, whereas hydroxyl ions produced at the cathodic points induce deposi-

tion. Thus, the bath always contains metal ions from the surface being

treated (e. g., ferrous ions from treatment of steels), in addition to the

heavy metal (Zn or Mn) phosphateb -resent in the bath originally. The fol-

lowing reactions occur with zinc, which is the metal phosphate most commonly

used in metalworking [1171:

2H + + e-Fe ++ + 12t (4. 11)

3 Fe + 3Zn ++ +4 --P
04

Zn (PO) 1 + Fe 3 (PO42 (4.12)

Fe+++ + 21l2PO42"0 Fe(H 2 P0 4 )2 (4.13)
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The acidity of the zinc-phosphating bath depends on the method uf ap-

plication. In immersion zinc-phosphating baths, the pH range is limited to

1.8 to 2.4 to avoid pickling of the metal, whereas spraying solutions may

use a pH as high as 3. Ferrous phosphate coatings are generally quite thin,

but have excellent adherence.

All phosphating solutions require activators, which function as de-

polarizers or oxidizers that roact with hydrogen as it is formed. The

activators may also passivate the anodic areas. The activators range from

mild oxidants, such as nitrates, to more vigorous nitrites, chlorates, or

peroxides. These accelerators not only speed the reaction but allow the bath

to operate at a lower operating temperature (40-700 C). Immersion time is

reduced to a few minutes. The presence of ferrous ions in the phosphating

bath is known to affect the nature of the deposit which is formed by epitaxial

growth [117].

Properties of the Phosphate Layer

Mldgley and Wilman [1181 examined a representative type of phosphated

layer and found th. * crystal platelets (10-3C ft in diameter and with a thick-

ness about 1/10 of this dimension) were deposited on high areas of the sur-

face. The channels between these areas were 10-20 p deep and 30-50 p wi•le.

Machu [116] has indicated that the properties of the phosphate coating

such as grain size, thickness, smoothness, porosity, and grain growth are

dependent on the history of the metal surface. Thus, if strong alkaline

solutions are used for degreasing, coarse-grained coatings result. De-

greasing by organic solvents or emulsion cleaning produces fine-grained,

high-quality coatings, possibly because of a residual monolayer of oil.

Etching with strong mineral acids can lead to a coarse-grained, slowly

growing phosphate coating. Sand- or grit-blasting may result in a fine-

grained coating, but this ability is lost if phosphating is not conducted soon

after treatment or if the surface is treated with a strong acid after sand-

blzusting.

To preclude haphazard effects, it io common practice to apply a condi-

tioning treatment. This comprises immersion in a very dilute solution

containing ions iiore noble than that of iron, e.g., copper or nickel. It is

presumed that minute nuclei are electrolytically deposited which stimulate

local solution of iron and thereby nucleation of phosphate cx3'stals. A light

etch with oxalic acid or a treatment with a dilute sodium phosphate solution
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containing titan!um compounds gives similar results [117]. These effects

may be explained, according to Machu [116], in terms of nucleation at

"active centers." Midgley [119] has shown that initial nucleation occurs on

strained areas adjacent to scratches on a polished surface. Similar effects

should be obtained by sandblasting. Etching with strong acids removes these

active centers, alkali solutions form passivating oxide films, and dilute

conditioning solutions of noble metal salts increase the number of local cells.

Phosphate films form readily on carbon steels and on low alley steels.

Coatings form with difficulty on steels containing more that 5% chromium,

and the austenitic chromium-nickel steels require an oxalate coating (Sec-

tion 4.42).

Application of Phosphate Coatings

The application of a phosphate coating for metal def %L -ation lubrication

comprises three main steps: (1) cleaning, (2) phosphating, and (3) lubricant

application. Cleaning is necessary to remove rust and mill scale as well

as grease contaminants. The procedures used are pickling (Section 4.5) and

degreasing (Section 4.61).

The phosphating step is frequently Zonducted at 70-77"C for 3-7 min.

However, the amount deposited and the nature of the coating depend on a

number of interrelated variables including composition, concentration, pH,

temperature, method of application (dip, spray, continuous, semicontlnuous,

batch), and contact time [113,114, 120]. The depth or weight of coating is

used as a control; in general, weights range from 1. 0 to 2.5 g/sq ft.

The lubricant 16 then usually applied by dipping in a warm soap solution.

The solutions recommended include sodium-, potassium-, resin-, or

naphthenic acid-soap emulsions containing free fatty acids. Prior to this

step, the coating is washed in warm water tc remove exress phosphoric

acids and the metal is dried thoroughly. This last condition is important

since it is postulated that firm attachment of free fatty acid occurs by

adsorption and that-with the so-called ,-eitctive lubricants-the sodium ion

of the soap reacts with zinc phosphate tb release the zinc ions that form zinc

st.earaLe within the coating [120]. Noi•reactive dry soap, such as calciurmi

soaps, may also be used, mostly for lighter duties. Solids (graphite and

MOS 2) and high-viscosity fluids have also found application.
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Fluoride-Phosphate C-_aing for Titanium

Since t•-iium and .ts aJVoys are highly resistant to attack by acids, a

more reactive phosphating treatment Is necessary. Sabroff and FrosL [121]

used a phosphating solution containing sodium phosphate, potassium fluoride,

and hydrofluoric acid, which formed a dark gray, adherent coating. The

best lubricant was 10% graphite in a gum resin; soaps failed to provide go-d

surface finish. The coating is kn own to contain potassium, titanium, and

fluoride although the exact composition has not been determined [1223.

4.42 Oxalate Coatings

Zixi- phosphate coating! cannot be applied effectively to austenitic stain-

less steels, straight chromiuhm steels containing more than 5% chromium,

or high-nickel steels. On these m.Aerials, it is necessary to use oxalate

coatings. _The procedure is essentially the same ,.a for phosphating, but the

solution now comprises oxalic acid (HOOC - COOH), ferric oxa!ate, and a

chemical accelerator such as a chlorate; the application temperature is

about 45 0 C. Oxalic acid is a strong organic azid that reacts with iron oxide

to form so!uble ferric oxalate; even though only slowly and superficially, it

also attacks iron to form ferrous oxalate which is fi-soluble in the oxalic acid

solution and remains as an adherent layer on the metal surface. The oxal-ate

coatirg is then treated with a complex soap lubricant [123].

An advantage of the oxalate coating over the previously used metallic

lead lubricants is its ease of removal by alkaline degreasing treatment, fol-

lowed by an acid dip or by a normal heat treatmrent that thermally decomposes

the coating [126.

4. ') C(uversion Coatings for Light Metals

Chemical conversion coatings axe also applied to aluminum and aluminum

alloys. They produce adherent surface layers of low-solubility oxide,

phosphate, or chromate compounds through a reaction of these compounds

with the metal surface. The reaction involves the removal of 0. 2 to 2. 5 '

thickness of metal.

Oxide coating is applied in low concentration sodium carbonate and

chromate solutions at 88-100°C for periods of J to 20 min.
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Phosphating baths contain dichromate, fluoride, and phosphate salts,
0the last predominating; treatment time may be 1.5 to 5 min at 18-50 C.

Chromate conversion coatings are applied at 15 to 55°C from a low con-

centration solution of dichromate salt and other salts, such as ammonium or

sodium fluoride or tin chloride. Time of exposure varies from a few seconds

to 8 nin. Chromate coatings are used alone or as supplements to other

nonmetallic coatings. Activators (e. g., sulfate, nitrate, chloride, or

fluoride) are necessary to overcome passivity that normally occurs in a

solution of chromate anions alone. Upon attack, some metal is dissolved and

a slightly soluble, hydrated compound (Cr 2 03 • CrO3 . xH2 0) Is deposited on

the surface.

Magnesium alloys are chromated in nearly neutral solutions, whereas

aluminum alloys are treated in soutions of appreciable alkalinity or acidity.

Details of the processes may be found in the Metals Handbook [1141,

Anodizing is an electromechanical process which converts the metal

surface to oxide by the action of an electrical current. The coating is porous

and can be extremely thin. The method has been used to a limited extent

as a pretreatment prior to lubricant applicatir'n. It is most commonly ap-

plied to aluminum and its alloys, but other metals such as magnesium,

tantalum, titanium, and zirconium can also be treated by this me~hod.

On aluminum the anodic oxide coating consists of two layers. That in

contact with the metal is nonporous and has been termed the barrier layer,

its thinkness being determined by the applied voltage and electrolyte ranges

from a few hundred angstroms to about 1 i. The second, outer layer is

porous and consists of hexagonal prisms, each with a pore along its axis.

The distance between pores is of the same magnitude as the barri-r layer.

The layers consist essentially of Y)-alumina. The structure of the layer has

been reviewed by Waterhouse [117].

4.5 SURFACE PREPARATION

This section is devoted to processes in which the surface of the metal

workpiece is prepared for deformation. The surface preparation process is

oftmn very similar !o treatments used as a finishing operation. Thus, grit-

or shot-blasting can be used lo remove scale ac well as to roughen a metal

surface prior to metal deformation in order to trap lubricant; on the other

hand, grit-blasting may be used to apply a desired surface finish to the
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product. Discussion will be limited here to two important surface prepara-

tion processes, oxide removal and abrasive blasting. The subject of metal

cleaning both prior and subsequent to metal deformation will be covered in

Section 4. 6.

4.51 Oxide (Scale) Removal

Thin, dense surface oxides may be tolerated on some metals (e. g.,

aluminum), but nonuniform or loose oxides are normally removed prior to

cold deformatioa because they impair the surface finish of deformed products,

contaminate or interfere with the lubricant, and accelerate die wear. A

prime example is the scale found in steels. The most common procedure

for scale removal is acid pickling, but salt-bath descaling has also gained

prominence for certain applications. Mechanical scale-breaking or the use

of water jets may also be used under appropriate circumstances.

Semifabricated ýroducts intended for further working are often. covered

with lubricants, carbonized residues, and scale. Prior to removal of the

scale, it may be advisable to remove lubricants and residues by alkaline

preclean n.

A brief summary ef techniques for scale removal is given in Table 4.19;

details will be found in the Metals Handbook [114].

4.52 Abrasive Blasting

Although increasing die surface roughness generally increases friction,

a rougher workpiece surface may offer considerable benefits. If the work-

piece is suitably roughened, surface depressions are available to trap

lubricant and compel the fluid to enter the critical region between the tool

and workpiece; examples of this will be found in Sections 7.2 and 11.2.

Abrasive blasting entails the forceful a.pplication of abrasive particles-

either wet or, more often, dry.-against a metal surface. The purposes may

include (1) scale removal, (2) surface preparation 1or subsequent processing,

and (3) surface finishing as well as many special uses. The abrasive par-

ticlcs are propelled either by a stream of air or a rapidly rotating wheel;

less frequently, the abrasive material Is suspended in a liquid jet.

For detauls of equipment, abrasives, particle sizing, cycle times, etc.,

the Metals Handbock [114] is suggested. All metal surfaces can be abraded

as desired provided that the abrisive medium i1 suited to the application;
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the surfaces of soft, ductile metals can be severely damaged by improper

blast abrasion.

Abrasive blast cleaning is widely used to remove all types of scale and

rust from steel mill products, either alone or preparatory to pickling.

Stainless steel is blast-cleaned with clean sand; if iron particles become

embedded in the surface from abrasive blasting with iron-bearing sand or

steel shot, passivation with nitric acid (e. g., 6-15% by volume of 70% nitric

acid for 10-30 mrin or more) is required or an acid pickle is needed.

Abrasive cleaning of nickel alloys is often a satisfactory method for

removing oxide. Abrasive blsting with dry aluminum oxide followed by

flash pickling is useful for heat-resistant alloys. Aluminum and Its alloys

are usually blasted with washed vilica sand or aluminum oxide. Coarse

high-carbon steel shot or grit might be used for titanium and its alloys; for

finishing, mineral-type abrasives such as silica, alumina, or zircon are

more common. Saiety precautions are necessary because of the fire hazard

associated with titanium dust.

4.6 LUBRICANT REMOVAL AND WASTE TREATMENT

The removal of lubricants is often a very important aspect of the total

metalworking process. In many cases, problems in lubricant removal may

be introduced by a modification of the lubricant formulation. Such problems

should be recognized and anticipated, because product accep'ance often de-

pends on the success of the cleaning and finishing process.

Disposal of spent lubricant, handling of aqueous wastes from lubricant

emulsions, and handling of cleaning wastes is also a highly specialized

technological area. A brief account of waste treatment procedures and

principles is presented, with reference only to wastes generated from

metalworking processes.

4.61 IAbricant Removal

Worked metal surfaces are frequently covered with lubricant residues.

Pigmented lubricants usually present more serious problems than unpig-

mented ones. The most difficult lubricant ingredients to remove are

graphite, molybdenum disulfide, white lead, and insoluble soaps. Higher

processing temperatures lead to lubricant decomposition which, in turn,

I
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tends to increase adherence. A prolonged elapsed time between metalworking

and cleaning also contributes to tenacity of the lubricant.

Alkaline Cleaning

Oils and associated semisolid and solid soils are frequently removed by

alkaline cleaning. The mechanisms of removal include any or all of the fol-

lowing: saponification, emulsification, dispersion, flocculation, and film

breakdown.

Alkaline clearing solutions contain, first of all, water-which acts as the

diluent, solvent, reaction medium, and carrier of the soil. Dissolved in the

water to provide alkalinity and other properties are the builders; these are

the chief constituents of alkaline cleaners and vary in concentration from 15

to 40% by weight. The sodium compounds used as builders include hydroxide,

carbonates, phosphates, and cili,-ates. Minor (0.5 to 5% by weight) but

highly important ingredients are the surface-active wetting agents. Two

types are employed to lower surface and interfacial tension-soaps and

synthetic detergents. Alkaline cleaning is only marginally effective in re-

moving pigmented lubricants, such as graphite or white lead.

Acid Cleaning

Acid cleaners are comprised of a solution of an acid (mineral acid,

organic acid, or acid salt), in combination with a wetting agent and detergent.

The distinction between acid cleaning and acid pickling is a matter of degree;

they may overlap. Phosphoric acid-ethylene glycol-monobutyl ether mix-

tures are commonly used since the light phosphate coating they leave on iron

and steel surfaces is conducive to rust inhibition.

Emulsion Cleaning

The most effective method for removing lubricant soils is emulsion

cleaning, based on the use of common organic solvents dispersed in water

with the aid of an emulsifying agent.

The petroleum solvents generally used range from love flash point

naphthas to heavy naphthas and kerosines. Emusiflers include polyethers

and high molecular weight sodium or amine soaps or hydrocarbon sulfonates,

fatty acid esters of polyglycerides, glycerol, or polyalcohols. Cationic

agents are also used.

Ih
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Stable emulsion cleaners are used for light soil. Unstable (diphase)

emulsion cleaners are more effective for removing lubricant soils because

of the more intimate solvent action in contact with the metal surfaces.

Solvent Cleaning

Petroleum naphthas and solvents remove the nonadherent pigments of

lubricant oils (such as whiting, zinc oxide, or mica) but will not completely

remove graphite or molybdenum disulfide types of solid lubricants. Ultra-

sonic cleaning and vapor degreasing are also Important cleaning methods.

Cleaning Process Equipment

The equipment chosen depends upon many variables including the type of

soil, scale and surface oxides, the production method (batch, intermittent,

or continuous), and the size of products. Introductory material to finishing

equipment may be found in Blundell [124].

General

The topic of metal cleaning and finishing requires consideration of many

fF itors too detailed for inclusion here. Various texts may be consulted for

further information [125-128].

4.62 Waste Treatment

Water use varies greatly, but the figures contained in Table 4. 20 are

typical of large steel plants [129]. Only wastes generated from the metal-

working processes will be discussed here; aqueous discharges from the

TABLE 4.20
Water Use in an Integrated Steel Mill [129]

Volume of Water
Gallons per Ton Percent

Department of Finished Steel of Total

Blast furnace 10, 000L5

Open hearths 5,000 12.5

Coke plants 5, 000 12.5

Hot mills 10, 000 25

Finishing mills 8,000 20

Sanitary, boiler and other uses 2,000 5

40,000 100
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coke ovens, in particular, present somewhat different problems. Within

limits, the wastes from the many operations in the steel mill are handled

separately. Processing plants for alloy steels, aluminum, copper, and their

alloys will have somewhat similar waste problems.

Nature of Wastes

Water wastes from the various processes are roughly segregated ac-

cording to operation in order to simplify treatment. Wastes originating from

metalworking operations may be classified as (1) scale-bearing waters, (2)

acid waters, (3) oil-bearing waters, and (4) alkaline cleaning solutions.

The scale-bearing waters originate from the various rolling mill opera-

tions. In primary mills, the water both cools and dislodges scale from the

rolled product; further, the water is used to transport scale from the mill

line (flume water). The scale aerages S1% or more coarser than 200 mesh.

if such pai,.icles are not removed, they tend to clog sewer's and deposit in

streams.

The scale from finishing mill rolling operations is comparable to that

from primary mills, but coniiderably greater variations among installations

occur; 80-90% of the scale narticles are coarser than 200 mesh in most

plants. The finest particles may be 5 1L or less and may increase stream

turbidity.

Acid waters derived from pickling and from rinsings vary widely in

quantJty, composition, and concentration. Sulfuric acid constitutes about

90% of the total acids used in pickling, but hydrochloric, nitric, phosphoric,

and hydrofluoric acids may also be found, particularly from the pickling of

stainless steel. Spent pickling solutions may inhibit biooxidation processes

in streams and injure aquatic life. Acid rinse waters have the same consti-

tuents as pickling solutions but are much more dilute.

Rolling oils, lubricants, and hydraulic oils are present in the effluents

from mary of the metalworking operations. Free oils form oil films injurious

to marine and aquatic life. Emulsified oil can add s.gnificantly to the BOD

(biological oxygen demand), a test commonly used to evaluate stream and

lake pollution. Typically, the effluent from once-through use in cold rolling

will contain up to 200 mg oil per liter, partially as a stable emulsion.

Alkaline cleaning solutions used to remove roUlng oils prior to finishing

operations can contain alkalis, silicates, and phosphates. The spent cleaning

solutions contain saponified oils, scale, dirt, and residual alkalinity.
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Treatment Procedures

Rolling mill flume water is usually clarified in simple sedimentation

basins, known as scale pits. The deposited scale is periodically removed

and forms a source of ore. In newer plants, the scale pits are often designed

for continuous mechanical cleaning. Treatment following the scale pits con-

sists of primary clarification and oil removal in large rectangular sedimenta-

tion basins. Secondary clarification includes chemical treatment, typically

with additions of lime, ferric sulfate, and polyelectrolyte coagulating agents.

Flume water from the hot rolling operations is contaminated by free oil

and oil bound to the mill scale. Most of this oil is readily separated by

gravity and may be skimmed in the primary scale pit or in secondary sedi-

mentation basins. Reuse of the water may require chemical treatment or air

flotation. Most hot-mill effluents contain 10-20 mg oil/liter, but this can be

reduced to 1-5 mg/liter by secondary chemical treatment.

Effluents from the cold-rolling mills are sent first to oil separation

sumps where the floated oil may be removed; this oil is given nominal treat-

ment to remove water and sediment before sale to oil reclaimers. The sump

effluent contains emulsified oil in concentrations from 50 to 100 mg/liter.

Generally the effluent will be given secondary treatment in a basin of the API

oil-water separator type. Ferrous sulfate and lime are added, and air flo-

tation carries the oil to the surface. Aluminum sulfate and calcium sulfate

are also often used to break emulsions and recently polyelectrolytes, such as

water-soluble polyamines, have shown promise. With effec+ive treatment,

the oil content of plant effluent may be as little as 10-15 mg/liter.

Wastes from spent pickling solutions, particularly those containing

fluoride, are probably the most difficult to handle. Neutralization with lime

or other materials is the general practice, but disposal costs are high es-

pecially in urban areas. Land area is then needed to lagoon and eventually

to dewater the neutralized slurry. By-product recovery processes have

been proposed, generally with reference to production of copperas, FeSO4 •

7H20. The processes involve reaction of scrap iron with the hot acidic water

and recovery by evaporation, differential solubility. or refrigeration. Since

5% of the industry potentir' for copperas satisfies the market, this method

of disposal is limited. V%.ere ammonia is available, ammonium sullate can

be produced and sold. The spent acid solution can also be used to extract

manganese from low grade ores. Ion exchange processes are available to
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recover the acid; this procedure might be best applied to the more dilute

and relatively clean acid rinse waters. Disposal in deep wells is attracting

attention where suitable underground strata are available.

The water wastes derived from metalworking operations represent only

about half of the total mill wastes. Comprehensive surveys are given by

ilordell [130], Bramer [1291, and Nemerow 11311. The last author lists 103

ref6rences to the practice of mill waste treatment. A recent survey by the

Federal Water Pollution Control Administra&.'on [1321 indicates that the total

wastes of lubricating oils and emulsions amounted to 306 mill'on pounds and

51.6 million pounds, respectively, in 1963 in the U.S.A. The totals pro-

jected for 1977 are 486 million and 11. 25 million pounds per year; the latter

figures reflect anticipated developments for improved treatment and water

reuse.

4. 7 HEALTH AND HYGIENE

The health hazards associated with metal forming may be classed under

three general headings. First, the principal hazards in the metal forming

operation itself are heat, noise, and exposure to metal or metal oxide dusts.

Second, physical contact of workers with metalworking lubricants, including

both oils and additives, may inducge skin diseases. Third, processes as-

sociated with metalworking expose the workers to acids (pickling, acid

cleaning), alkalis (scale-removal metal cleaning), solvents (emulsion clean-

,.'g, degreasing, and :iietal cleaning in general), and dusts (abrasive blasting,

grit blasting, polishing, etc.). This discussion can do no more than indicate

the major hazards encountered in metal forming processes and related op-

erations. A most useful text is that of Patty 11331, and other r'eferences will

be cited when pertinent.

For details on the toxicity of individual metals and metal oxides possibly

encountered in metal forming, reference can also be made to Browning 11341

and Davies 1135 1.

4. 71 Lubricants

Oils, especially cutting oils, account for a high percentage of reported

industrial diseases particularly of the skin. Bourne 11361 indicates Ihit in

England, 9 out of 13 affected workers were employed in engineering and

metal manufacturing; in the United States, nearly 19% of the total of
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occupational dermatitis incidents were due to ptroleurn products and

greases. In general terms, mineral oil presents a probable skin hazard,

but the nature of the oil, temperature, and length of exposure are important

factors. InitialJy, the effect is that of irritation, perhaps accompanied by

redness or pimples. On exposure to soluble oil, the skin is liable to mas-

cerate and become soggy, followed by scaling, cracking and fissuring. Ad-

ditives, upon contact with the skin, may produce local sensitization which

then spreads over larger areas.

Most workers in contact with these oils show some degree of plugging of

the skin (blackheads or acne), inflammation, and septic pimples (folliculitis).

Scars may result from boils anA abscesses occasioned by long exposure.

With oils containing sulfur or chlorine, continued exposure gives rise to

a characteristic skin disease called chloracne. The disease results in plug-

ged black pores with small swellings (cysts) on the face, arme. forehead,

neck and ears, and wherever oil-soaked clothing touches the body.

Long exposure to mineral oils may cause discoloration and growths on

the skin. In textile mills, untreated mineral oil has been replaced by highly

refined white oils; cancer from prolonged contact with ull-soaked clothing is

an occupational haz -t d.

In general, use of protective barrier creams for exposed areas of the

hands and face is recommended. General contact with oils should bL kept to

a minimum, and exposed skin areas should be washed as soon as possible

with soap and water. Clothing should be cleaned regularly, and oily rags

should never be placed in pockets, particularly the trousers. Cleaning with

solvents or naphthas should be avoided since these also induce dermatitis.

The vegetable oils themselves, such as coconut oil, lard oil, rapeseed oil,

cottonseed oil, etc., seem to have lesser if any, effects.

4.72 Acids

The danger presented by splashing acids used in metal cleaning is well

recognized, and rules oi preparing elute acids must be strictly followeu. In

the process of pickling and acid-cleaning, bubbles of hydrogen rise from te

treating tanks and carry an acid mist tlat endangers not only personnel but

also equipment. Ventilatlion is necessary. The possibility of exposure to

arsine and other toxic metal hydrides should not be overlooked either.
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4.73 Alkali Cleaners

Alkaline eleaners involve the general hazard of splashing; contact can

cause deep and painful destruction ol skin tissue. Trisodium phosphate clean-

ers are less caustic than caustic hla, while tetrasodium phosphate and

sodium metasilicate are even less alkaline. Preventive measures include

splash shields and general safety precautions. Flushing copiously with

water is the best initial treatment should an accident occur.

Molten caustic used for descaling alloy steels presents danger of caustic

burnE. Th; ha~ard of moisture or oils entering the baths and causing splashes

of explosive violence must also be mentioned. Safety shields and remote-

control measures are indicated.

4. 74 Emulsion Cleaners

Since emulsion cleaners used in various metal-cleaning operations con-

tain kerosine or otner petroleum solvents combined with various chemicals,

skin contact vhould be avoided. The volatile hydrocarbons in the cleanser

dictate positiit fume extraction. Similar comments apply to solvent washing

and 'egreasing processes. Patty [133] and Browning [137] have prepared

extensive reviews of the toxicity and hazards of industrial solvents.

4.75 Dusts

Dusts represent a hazard common to many industries and may be en-

countered in various aspects of metalworking processing. In conjunction

with abrasive blasting, extensive quantiti,33 of dusts may be entezed into

the environment. Use of hoods, adequate ventilation, and individual respira-

tors are in'iicated. Silicosis is due to re;ention of silica within the lungs of

exposed workers; no cure is known, and only prevention can protect the

individual. Other dusts, apart from bu'ning oxides, seem to be less harm-

ful except for their content of silica. For further details, refer to Drinker

and Hatch [138 , Davies 11351, and Patty [13.].

4.8 SULJMMARY

A knowledge of the nature of lubricants is essential for understanding

their role in complex metalworking lubricant systems. In this Chapter,

broad categories of lubricants that have the greatest significance in the
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metalworking process industry were discussed showing, where possible,

relationships between chemical composition and lubricating performance.

Hydrodynamic lubricants are highly dependent upon the interrelationship

of temperature ane pressure with liquid viscosity and solidification. For the

regimes of interest in metal deformation processes, the discussion is

mainly qualitative since disap,,.itinglv few accurate data are available.

Mineral oils dominate this cate .y because of low cost and generally ac-

ceptable performance, but some synthetic lubricants offer promise in that

they can be tailored to provide suitable high-temperature stability and a

minimum of staining. Glass lubricants are already established for bigh-

temperature deformation processes, but much more basic information is

needed on the relationship between composition and physical properties.

Boundary lubricants, based on higher fatty acids and derivatives, are

well established in deformation processing. The fatty acids are frequently a

component of the natural oils and fats used, or they may form upon thermal

degradation of these materials. The use of these organic lubricants is

limitad by the temperature of desorption (approximately 150 -2500C) or

by undesirable changes in composition.

The periormance of E. P. compounds is closely related to the active

groups incorporated in organic compounds. Chlorine-, sulfur-, and

phosphorus-containing compounds are the most extensively applied, but other

reactive groups are under investigation. Frequently, reaction rates are too

slow to assure the development of the surface film; therefore, the kinetics

of film formation and new systems with faster but controlled reaction rates

remain areas of studv for improved action of E. P. componients in metal-

working lubricants.

The outstanding ability of certain solid films to lutricate effectively can

be attributed to lamellar crystal structure; graphite and molybdenum sulfide

find widest application particularly at high temperatures, but other com-

pounds are ent,.ring the field. The attachment of solid films is impcrtant,

and various methods of bonding show promise. Polymers of various types

have been considered for metalworking lubricant films, and new applications

will undoubtedly develop. Soft metals have been successful as lubricants,

but their application appears somewhat limited in the future. Adherent, thin

oxide films have been shown to have value in metalworking lubrication, but

friable or ductile solid films also have proved useful in specific cases.



230 CHARLES H. RIESZ

The mode of introduction of the lubricant into the contacting zone between

die and workpiece has a signficant effect on lubricant performance. For

some processes, a compounded oil can be entered in neat form; in others, a

grease, wax, or semisolid may be more advantageous. The emulsification

of lubricants to form an oil-in-water dispersion or emulsion has been treated

briefly; an improved understanding of the complex factors affecting the per-

formance of metalworking lubricant emulsions would be most valuable. The

Introduction and retention of lubricants may be aided by modifications of the

workpiece surface. Conversion coating and surface roughening help to trap

lubricant on the surface; phosphate, oxalate, and fluoride coatings are the

most common chemical conversion methods, while blasting with grit or other

solids provides a mechanically roughened surface.

Within this Chapter, a number of other subjects were treated that are

peripheral yet essential to the proper functioning of metalworking lubricants.

Scale-removal techniques, metal cleaning procedures, as well as health and

hygiene were briefly covered.

Chapter 3 has treated elements of friction, lubrication, and wear with

reference to deformation processing, and the present Chapter has consid-

ered lubricants within the same context. The operating charantertstics of

the individual components of a metalworking lubricant can usually be de-

scribed and evaluated separately, and this should also aid in understanding

the action of the lubricant in a given metal deformation process. It should

then be possible, at least to a limited degree, to propose and utilize im-

proved lubricants that optimize a set of process parameters, such as sir-

face finish, die wear, and production rate. The interplay of lubricant func-

tions may, however, load to a very complex and often unpredictable relation-

ship, and it becomes necessary to ensure that lubricant evaiuation techniques

have relevance to the specific environment of lubricant application. This is

the subject of the next Chapter.
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Preecýdng chapters have shown how friction affects process conditions in

deformation processing; the mechanisms by which friction and wear may be

Influenced have also been indicated. It will now be possible to summarize the

functions a lubricant is expected to fulfill, including those that are not neces-

sarily amenable to a mathematical treatment. A definition of the desirable

attributes of metalworking lubricants will be developed, followed by a de-

scription of the methods by which lubricant properties may be qualitatively

and, quite ofcen, quantitatively assessed.

5.1 ATTRIBUTES OF METALWORKING LUBRICANTS

In practice, a lubricant is expected to fulfill a number of different func-

tions. Some of the requirements may be contradictory or mutually exclusive,

thus the choice of the hibricant m4 become a matter of best compromise and

is directed by speciffic needs. There are, however, come attributes which

are generally valid for the majority of applications, and these are given here,

using an evaluation due to Schey [1]:

1. Controlled friction. Low friction reduces forming forces and power

requirements, allows greater reductions to be taken, and results in more

homogeneous deformation. Nevertheless, zero friction is seldom approached,

and is not always desirable. It is certainly acceptable in extrusion and wire

drawing, but a minimum friction is required to prevent uncontrollable in-

stability and skidding in rolling or random shifting of the workpiece ia forging

and deep drawing.

2. Reduced wear. Ideally, the lubricant would completely separate the

die and workpiece surfaces and would, therefore, eliminate wear. However,

.n most metalworking operations the formation of some debris is upvvoidable.

Most of the debris is normally a wear product of the workpiece mate- al and,

as long as the surface finish .'s acceptable, ft is not a cause for undue con-

cern. However, as soon as metal-to-metal junctions are sheared in the die

material, accelerated die wear is encountered. Similarly, hard scale and/or

hard constitueats of the workplece material may cause rapid abrasion. The

rate of wear may become exceptionally 1-1h when a combination of high

temperatures, high pressures, and high adhesion between workpiece and die

materials exists. The lubricant should efficieiitly reduce wear of the die,

as well as limit wear of the workpiece material to tolerable proportions.

The wear products themselves should be, preferably, nonabrasive.
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3. Avoidance of metal pickup on the tool surfac . The lubricant should

prevent metal-'wo-metal contact and resulting pickup on the die qurface. De-

pending on the affinity (adhesion) of the die and workpiece materials, pickup

may reach cataotrophic dimensions. The process is often self-accelerating;

once initial pickup is formed, the luix.cant loses its efficiency in the changed

environment and the workpiece material welds to the incipient pickup at an

increasing rate.

4. Thermal insulation. In hot working operations, lubricants should

pcavide thermal insulation between the workpiece and die surface, partly to

reduce heat loss from the hot stock and partly to protect the die from exces-

sive heat. This requirement necessitates a continuous blanket of a lubricant,

capable of withstanding high prossures and temperatures, yet giving low

enough shear strength to assure a lov. coefficient of friction. It rmay also be

desieable that the lubricant protect the workpiece against oxidation or gas

pickup during deformation. This again necessitates a continuous film having

high tenacity, adherence, favorable viscosity, and a good self-healing

capacity.

5. Cooling. In many instances, especially if the metalworking operation

is of the continuous type, the luiv:_-cant should cool the dies and the workpiece

material, if the heat generated during deformation more than offsets heat

losses.

6. Controlled surface finish. The optimum surface finish is not neces-

sarily the brightest one. A relatively rough finish may be preferred for

keying a coating onto tht: surface, while a smooth finish may be desirable

for mating surfaces or for visual appeal. The lubricant should aid, together

with the die surface and properly selected process conditions, in obtaining

the desired finish. This finish should be uniform and free of chatter, ripple,

herringbone, or other periodic or random markings.

7. Adaptability to varied working conditions. The lubricant must per-

form its functions in the en-0ironment presented by the pressure, t3mpera-

ture, and relative sliding velocities prevailing during deformation. Pres-

sures may reach values of over 500, 000 psi; temperatures of the order o'

200-300 0 C may be encountered at the interface even in so-called cold-working

operations, and temperatures in excess of 1200 0C are not uncommon in

hot-workIng the refractory metal alloys. Sliding velocities range from near

zero to several thousand feet per minute, and variations of this order may
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occur even during one and the same deformation process-for example,

rolling.
8. Protection of old and new surfaces. The most important phenomenon

that separates plastic metalworking from all other friction problems is the

continuous generation of new surfaces. New surfaces are produced at the

highest rates in operations where bulk deformation is accompanied by surface

straining (rolling, wire drawing, extrusion), but rates diminish in more

moderate metal shaping operations such as deep drawing. The lubricant is

called upon to cover both old and new surfaces efficiently even though the

chemical activity of these surfaces may be radically diff6rent. Old surfaces

may consist of oxide films, adsorbed layers of gaseous and liquid substances,

remnants of lubricants employed in earlier stages of processing, and surface

layers deposited intentionally prior to deformation. The lubricant must have

favorable wetting and spreading characteristics to follow the extension of the

metal surface, so .s to part the contacting surfaces efficiently.

9. Compatibility with die and workpiece material. The lubricant must

perform its function in the system defined by the die or tool surface, the old

and new metal surface, the lubricant, and occasionally by the surrounding

atmosphere. The reactivities of various surfaces may differ greatly, and

the performance of a lubricant should always be judged against the inherent

characteristics of the contacting metal pair.

10. Durability of lubricant film. The lubricant film formed on the sur-

face of tfie die must be capable of withstanding the repeated encounters

characteristic of most metalworking processes. Even if the lubricant acts

primarily by deposition on the workpiece surface, some transfer onto the

die surface ie always possible and, indeed, most desirable. The durability

of this film will then become a factor of importance.

11. Rapid response. The lubricant must exert its influence in the short

time (of the order of a few milliseconds) available during the act'al forming

process itself. Even when the surface of the workpiece is conditioned be-

forehand, the efficiency of the operation will depend on whether the newly

developed surfaces can oe protected during their formation. Thus, the rate

of forming boundary films will be a governing factor where monomolccular

films are relied upon. For fluid films that protect essentially by hydrody-

namic and hydrostatic action, the rheology of the lubricant will assume over-

riding importance.
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12. Controlled stability. The lubricants should remain unchanged with

time and despite repeated encounters. Therefore, they should be stable,

unaffected by temperature, oxidation, bacteriological attack, and contamina-

tions often unavoidable in industrial practice. If changes occur, they should

be beneficial or at least harmless; there may be components of the lubricant

that become activated at high temperatures. In such case, replenishment

may be necessary, as practiced with surface-active additives, or a new batch

of lubricant may be Introduced. Neither the lubricant nor the breakdown or

reaction products should be abrasive. Gases liberated should contribute

to lubrication or at least not interfere with the deformation process.

13. Controlled reactivity. Even though efficient lubrication frequently

presupposes a certain amount of reactivity, the lubricants should not be

crvrrnsive to the product, the die, or the metal forming machine or macnine

tool.

14. Harmless residues. Residues of the lubricant should preferably not

cause discoloi ation (staining) of the product on subsequent annealing c,.

storage, nor sholdd they exert chemical or metallurgical effects on the

product. They shouid not be allowed to interfere with finishing operations

such as painting, enameling, printing, welding, and electrodeposition.

Cleaning before such final operations may be necessary.

15. Application and removal. The lubricant should be easy to apply to

the workpiece and/or die in a controlled manner, and it should be readily

removed.

16. Handling, safety, and cost. There are other aspects which do not

necessarily have a direct bearing on the lubrication properties. Examples

are absence of skin irritation, toxicity, fire hazard, and odor. Finally, the

lubricant that conforms to all the requirements should also be inexpensive.

This is a very important consideration for mass-production industries where

the cost of the basic material is often low and processing contributes a sub-

stantial portion to the total cost. Conversely. price considerations may take

a secondary place when processing more expensive materials or when the

savings accumulated through superior lubrication more than counterbalance

higher lubricant costs.
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5.2 MEASUREMENT OF FRICTION

5.21 Purposes of Friction Measurements

We have seen that friction determines forces and power requirements,

and is responsible for a number of process limitations. Improved lubrication

is immediately noticeable in reduced equipment loading, in greater reductions

per pass and, frequently, in an increased output from a given installation.

Simple evaluation techniques or production observations are usually adequate

for a semiquantitative ranking of lubricants. More sophisticated measure-

meats and calculations are needed if the quality of the lubricant is to be

judged from a coefficient of f•riction value. In principle, this has advantages

in that clues to the operative lubricating mechanism may be gleaned, gener-

alized conclusions may be drawn for various production conditions, optimum

production equances may be planned, and equipment may be designed on a

more scientific basis. It must be recognized, though, that friction values

are, very frequently, specific to the given experimental conditions, and in-
discriminate extension of 'typical" values could lead to serious errors. In

this chapter, the limitations inherent in the measurement and use of a

coefficient of friction value will be referred to whenever appropriate.

The perfect technique of lubricant evaluation would be in full-scale pro-
duction, on fully instrumented equipment that would allow an objective

measurement of all process variables, followed by a gradual tailoring ý.f

process conditions to achieve optiiAum performance with each lubricant.

The cost of such an approach is usually prohibitive, and ways of evaluating

lubricants under laboratory conditions have been sought.

The first logical step is the evaluation of lubricants in the same defor-

mation process as it is intended for, but on a smaller scale; the problem

here is to determine how far dimensions, speeds, strain, and other process

variables may be scaled down before the test loses its relevance. A further

step toward simplification involves the selection of a simple metalworking

process that can be performed at a low cost to evaluate lubricants for another,

more costly, process. For example, wire drawing has been proposed and

used for the evaluation oi rolling lubricants. The question here arises as to
whether one metalworking operation can be used to simulate lubricant per-

formance in another. The final step, of course, is the development of a

simulating technique that may be performed on a bench-type apparatus.
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Such tests may involve plastic flow or may be limited to elastic contact

between tool and workpiece material. The task then remains to show the

applicability of such test results to real metalworking processes. The main

limitation is usually the absence of sufficient surface strain that would ex-

pose new surfaces at a rate comr arable to deformation processing.

5.22 Rolling

From the beginning of this century, a large number of approaches have

been tried to measure friction in the hot and cold rolling of flat products.

The sophistication of these techniques has increased with time, even though

it is sometimes doubtful that the results justify the effort.

Lubricant Evaluaticon from Rolled Gage

We have seen in Section 2. 23 that, with increasing friction, the roll-

separating force increases. This, in turn, causes an increasing elastic

deflection of the mill housing, the rolls, and other mill components. In con-

sequence, for any given Initial roll gap setting the issuing strip thickness

increases with increasing friction. ¶iMs principle offers a very simple

method of ranking lubricants. Two approaches are possible.

First, short strips of a constant width and thickness may be rolled at a

number of preset roll gap settings, and the issuing thickness plotted against

the nominal roll gap settings (Fig. 5. !a). Secondly, one strip may be rolled

repeatedly, with gradually decreasing roll gap settings, and the issuing gage

may be plotted against the number of passes or the actual settings for each

pass (Fig. 5. 1b). Neither oi these methods gives a quantitative measure of

lubricant performance, but they are very convenient means of determining

the order of merit in a set of lubricants. The sensitivity of the technique is

increased if reductions arr. taken far enough to reach the condition of limiting

reduction (Section 2.26). The curve in Fig. 5. lb will then end in a horizontal

line, and the lubricants may be ranked by the minimum attainable gage. The

reliability of the process is set largely by the accuracy of thickness measure-

ment; in the laboratory, the length increase of relatively short pieces may

be found a more convenient measure of the average reduction in thickness.

The strips, however, should always be long enough to establish equilibrium

conditions on the roll surface.
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Fig. 5. 1. Methods of measuring friction effects in rolling.
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Friction Derived from Roll Forc6

When the rolling mill is equipped with load cells, a more detailed picture

of lubricant rerformance may be gained by plotting roll force (typically, for

unit width) against thickness reduction in single passes (Fig. 5. 1c).

An average friction coefficient may also be derived by accepting the

validity of any of the rolling theories. The major drawback of this method is

that the true yield strength (am in Eq. 2.16) of the workpiece material needs

to be known at the temperatures and strain rates prevailing in the roll gap.

This is known for only a few materials with sufficient accuracy. The ':x.,siht'

error increases with improving lubrication. With lower friction, the friction

hill is smaller and contributes little to the total roll force. Therefore, a

small percentage error in the yield stress value may lead to a dispropor-

tionately large error in the calculated coefficient of friction. Calculatiot,•,

become even more doubtful !f rolling is accomplished with tension. Ver,:

few mills have sufficiently sensitive and reproducible tension control, and

minor, incidental, and often undiscovered variations in tension may readily

mask the lubrication effects.

Since all practicable solutions for roll force assume plane strain in the

roll gap, the strip width should be at least 10 times its thickness. Otherwise

the variation of spread with friction affects the accuracy of observations and

calculations.

The actual value of the coefficient of friction derived from roll force

depends, of course, on the particular theory accepted as valid. As Schey [2]

has shown, deviations for the same set of results may be considerable.

Therefore, any published data of timust be regarded as approximate and

should be compared only with data derived in a similar manner. It is im-

portant that for cold rolling with marked elastic flattening of the rolls, the

flattened roll radius accooding to Hitchcock (Eq. 2.21) shoubl be calculated

and the contribution of the elastic arc of recovery [3] not neglected.

Friction Derived from Force and Torque. In the discussion on rolling of

strips with tension (Section 2.22), mention was made that if front tension is

eliminated and hask tension is increased until the neutral plane moves to the

exit poni tJ,6e -:,p begins to skid ( Fig. 5. ld). Under these conditions

only,thb. simple relationship exists between torque, force, and

coeffl',,, i.".c;tlon:

(5.1)
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Following a proposal by Bland, this relationship was used by Whitton

and Ford [4] for evaluating rolling lubricants. The expression is independent

of rolling theory; the only assumptions involved are plane-strain deformation

and constant p along the arc of contact. If the mill is not equipped with

torque meters, the strip may be stopped by attaching it to a spring dynamom-

eter (Fig. 5. le) according to Pavlov [5]. Assuming that the normai force

nacts in the middle of the arc of contact of angle a, the balance of forces

in a horizontal direction gives

2Pn sin a + B = 2Pn p cos (5.2)

Since the roll force can be represented as

P PP = Cos 2 + sin (5.3)
2 2 2 2

or, viuce the second term of the equation is small and can be ignored, the

normal force can be expressed as

p 2P (5.4)
n COS (a/2)

and the coefficient of friction can be readily calculated

B=- + tan- (5.5)

Whether torque or back tension is measured, the method has the dis-

advantage that an artificial situation is created in the roll gap. Instead of

allowing the fiiction conditions to select the position of the neutral plane,

the somewhat unrealistic condition of skidding of the rolls on the strip sur-

face is introduced. Nevertheless, ths technique is importan. because it is

one of the few direct methods available for determining friction in rolling.

Using the same technique, but considering also the elastic deformation

of the roll, Yamanouchi and Matsuura [6] derived the following equation:

( = R. ( Rzo -T)\ (5.6)

where Po and To = force a9H tOrque with no tension applied; P and T = force

and torque with back tension sufficient to cause slipping.
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Recently, Inhaber [71 produced a solution which, for positive !orward

alip, allows the derivation of a coefficient of friction from simultaneously

measured roll force, torque, and forward slip values, without the need of

introducing artificial slipping. The position of the neutral plane is deter-

mined from forward slip and, by assuming that the friction hill is of an in-

verse exponential shape, the coefficient of friction may be obtained. The

advantage of this process is that the actual yield strength of the material

need not be known, but it appears to involve substantial calculating effort for

a result that may not necessarily be more accL ate than a simple derivation

from forward slip alone.

Friction Derived from Forward Slip

When a strip is rolled without tension, the position of the neutral plane

is determined by the balance of friction-l forces (Section 2.22). Therefore,

forward slip is a very sensitive measure of friction, and has been extensively

used for evaluating lubricants. For a measure•.. wf furward slip, one or

more lines are scratched on the roll surface parallel to the roll axis. If

the distance of these scratches is accurately known, forward slip is readily

determined from the imprints of any two successive lines on the rolled ma-

terial (Fig. 5. if),. At any given roll speed v, the rolls take t seconds to

travel a distance I between successive scratch lines. During the same time,

the imprints of :hese marks travel at the higher speed v2 of the issuing strip

and cover a correspondingly greater distance i 2. Therefore, forward slip

may be expressed as:

Sf 2 -=( )/2 (5.7)

Using any of the available theoretical solutions for the position of the neutral

plane and forward slip, an average coefficient of external friction may be

calculated. The absolute value of p is dependent on the particular theory

adopted, and variations in friction values calculated from the same set of

experimental data may be substantial [2]. The trends, however, are con-

sistent regardless of method of solution, and it appears that Ekelund's equa-

tions (Eqs. 2. 12 and 2. 14) may be used for the extraction of u. The un-

deniable advantage of friction determination from forward slip is that the

yield stress of the strip neea not be known and no special instrumentation of

the rolling mill is needed.
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In calculating friction fro.r forward slip at elwvated temperatures, the

shrinkage of the 12 distance on cooling must be taken into account [8]. When-

ever roll flattening is significant, a flattened roll radius, calculated accord-

ivg to Hitchcock (Eq. 2. 21) should be substituted. For a constant coefficient

of friction, forward slip reaches a maximum when the angle of contact equals

the frition angle as shown by Dahl [9]. This would allow a direct determina-

tion of p by simply rolling with gradually increasing reductions unti. the

maximum forward slip value is found. This method, however, has very

limited use because with most materials frictioni tends to rise with increas-

Ing pass reduction and the maximum of the forward slip % s. reduction curve

is obscured.

The position of the neutral plane is markedly affected by the presence of

tension. Thus, increasing back tension causes the neutral plane to move for-

ward, suggesting a decrease in friction. There is no evidence that com-

mensurate changes in friction do indeed occur and, at present, it appears

safer not to apply the method of forward slip measureirent VPý fidctlrv investi-

gations with applied tension.

A somewhat related method of determining a coefficient of friction has

been proposed by Capus ax• Cackroft [10]. Small irregularities such as

pickup on the roll surface cause scratches to appear on the surface of a

polished strip. If rolling is carried out slcwly enough to stop the rolls with

the strip In the gap, the length and direction of scratches may be observed

under a microscope and the position of the neutral plane determined. From

this, the coefficient of friction may be determined according to Eq. 2. 12.

This technique, however, is limited to small reductions and low rolling

speeds, and entails more careful evaluation than the very simple technique

of measuring forward slip. Since forward slip may be measured at any

speed and pass reduction, without stopping the rolls, it still appears to be

the more satisiactory technique.

The position of the neutral plane could be dc.ermik . al ,o from back-

ward slip; some means of accurately measuring the speeds of the ingoing

strip and of the roll is then needed. In a technique developed by Kasuga and

reported also in the review article nf Saeki and Hashimoto [11], the rotation

of disks pressed on Mhe ingoing strip surface is transmitted to a slotted disk.

A similar lotted disik is attached to the roll, and the ligh signals passing

through the slots are recorded on the same lUght-sensiLve film. From the
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relative distance of the signals, a very accurate determination of backward

slip is possible, although the technique offers no obvious advantage over the

much simpler forward slip measurement.

Friction Derived from the Angle of Acceptance and from Skidding

It was pointed out (Section 2.26) that the workpiece enters the roll gap

unaided only if the entry angle is smaller than or equal to the frictional angle

(tan a K_ ). This would appear to offer a very simple way of determining the

coefficient of friction; the roll gap is opened until the strip enters the rolls

without push (Fig. 5. 1g). However, small irregularities of the roll shape,

local variations of surface roughness, and variations in lubricating condi-

tions as well as localized pickup on the roll surface may all aid in drawing

the strip into the roll gap. Furthermore, the frictional force is unidirectional

at the point of acceptance; this is not representative of iriction sustained dur-

ing rolling, when two-directitnal flow occurs from the neutral plane out-

wards. The method does offer, however, a convenient if not necessarily

accurate means of determining friction under conditions )f dry lubrication

(e.g., in hot rolling with oxide performing the function of a lubricant), and

it may be used for a very approximate ranking of lubricants.

A method based on the onset of skidding during rolling has been sug-

gested by Avitzur [12]. Strips of constant thickness are rolled with increas-

ing reductions, until the strip begins to skid in the roll gap. At this point,

the neutral point coincides with the exit point and, if elastic roll flattening

can be ignored, the coefficient of friction may be calculated from the pass

geometry according to the following equation:

1In (h /h ) + /ýK -/~i hA,2 ) -1
1~ -1

vr~*hz-/R -12 4 2 (5.8)
ta--n h h) h 2 )l

If friction is assumed to be a constant m fraction of the shear strength r0 of

the wcrkpiece material, a similar equation results except that the factor

of 1/2 is eliminated. Avitzur points out that skidding can be induced only

with small workroll diameters. It should be adaed that the method also

calls for reductions that are beyond the practically useful range for many

lubricants; therefore, this procedure-even though attractive-is likely to

find only limited use.
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Temperature Rise

Some of the heat developed by the. frictional energy generated at the

interface enters the rolled product (Section 2. 25). Thu temperature of

rolled copper strip was taken as a measure of lubricant effectiveness b}

Reynolds [13]. Sufficiently long coils of strip were rolled at roll settings

that produced identical issuing gage; temperatures obtained with different

lubricants could then be used as a semiquantitative measure of lubricant

efficiency. Such an approach offers the advantage of minimum instrumenta-

tion; however, close control of initial roll temperature and highly reproduci-

ble cooling techniques are required. It would appear that lubricant evaluation

by presetting the roll gap and measuring the issuing gage (Fig. 5. la) is more

simple and reliable.

Direct Friction Measurement

From the theoretical point of view, the ultimate aim of all friction

measurements is the point-to-point determination of the real coefficient of

friction between workpiece and roll surface.

Pressure-sensitive pins embedded in a radial direction in the roll sur-

face have been repeatedly used for determining the pressure distribution

along the arc of contact (Siebel and Lueg [14]) from which the effect of fric-

tion may be judged indirectly. The combination of a radial pin with an

oblique pin, first used by Van Rooyen and Backofen [15] could, in principle,

allow the direct determination of a coefficient of friction (i = ri/p) from the

geometry shown in Fig. 5. Ih. If p is the normal stress between the roll and

strip, r. the friction-induced shear strength at the same point, and A the1

cross-sectional ar: a of the pins, the coefficient of friction may be deter-

mined from the stress pr (=p) in the radial pin and the stress p in the

oblique pin as follows:

cosA cos k + r coA sino (5.9)P-A9 Cos r CO---

p /p = 1 + Atan• (5.10)

hence

r- 1) cot (5.11)P Pr-
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After the pin passes the neutral point, the shear stress is reirersed, but

can still be measured if the same experimental roll set is used in a reverse

rolling direction. The authors point out a number of complicating factors

and inherent inaccuracies that affect the validity of friction determination--

for instance, with an angle 95 = 26034' and p = 0.2, an error of only 1% in

either the radial or oblique pin pressure measurementa results in a 10%

error in the coefficient of friction. Binding between the pin and the roll,

friction at the interface, protrusion of the pin, and the elastic distortion of

the roll are among the major sources of error. As shown by Smith, Scott,

and Sylwestrowicz [16], the pressure-sensitive pins register a force even

when they are outside the actual arc of contact. This may amount to 5-10%

of the total force and could seriously affect the validity of friction measure-

ments. The results are also greatly influenced by the stiffness of the pin

relative to the roll, and Van Rooyen and Backofen show that with a pin stiffer

than the roll, measured pressures will be artificially high and a friction co-

efficient cannot be practically determined. Further aspects of importance

will be discussed in conjunction with Fig. 5.4e.

A somewhat similar arrangement, but utilizing one radial and two

oblique p s at an angle of 53045', has been used by Katashinskii and

Vinogradov [17] for measuring the coefficient of friction in powder rolling.

It is claimed that friction in the radial pin bushing causes an error of only

1-2%, and that the friction in the oblique pin bushings may be ignored.

Grosvald and Svede-Shvets [18] increased the number of pins to four:

one radial, two inclined in a plane perpendicular to the roll axis, and a

fourth inclined to this plane. This allowed a determination of shear forces

both in the longitudinal and transverse direction along the entire area of

,-ontact.

A pressure pin embedded radially in the roll surface with a clearance

sufficient to allow both radial and lateral deflection of the pin was used by

Grishkov [19] for the simultaneous measurement oi radial pressure and of

lateral and longitudinal interface shear stresses in the course of rolling.

The pin bore on three dynamometers that measured the three deflection

components. Because a finite gap is nceded between the pin and its bushing,

material extruded into the gap when rolling aluminum and its alloys, but it

is claimed that valid results were obtoined when hot-rolling steel. The

attraction of this method is that it yields a complete set of information with
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a single pin, but thc original paper gives no indication of the difficulties that

may be encountered with such instrumentation.

The technique developed by Pavlov and De-Yuan, reported by Veiler and

Likhtman [20], could be regarded as a variant on the oblique pin technique.

Closely fitting but freely sliding segments are, built into the roll surface and

are supported on needle bearings (Fig. 5. lj). Tangential forces developed

on these elements are registered through the load cells M and M2 . As tU.,

rolled strip passes through the rolls, the two movable elements experience

opposing forces which become equal when the dividing line between the two

elements falls onto the neutral line. The problem of elastic distortions of

the measuring elements and possible binding must no doubt exist, and the

friction values determined from the experiments are averages rather than

point-to-point values.

In general, while the direct measurement of friction is attractive, the

complexity of the equipment outweighs its advantages for lubricant evaluation.

It is, however, an important tool for basic investigations into interface con-

ditieus.

5.23 Drawing

The geomeLt of the drawing operation resembles that of rolling; how-

ever, the moving force is supplied entirely by the draw force, ti.us limiting

the number of measurable variables. Also, because there is sliding over

the entire die surface, no externally measurable friction balance exists.

Derivation of Friction from Draw Force

Draw dies-whether for drawing round wire or flat, wide strip-are

much more rigid than a rolling mill. The dimension of the drawn product,

therefore, does not give a reliable measure of frictional conditions. At the

very least, it is necessa&y to measure the absolute magnitude of the draw

force (Fig. 5.2a). Accepting then the validity of a theory (Section 2.33)

relating draw force to pass reduction, die angle, and coefficient of friction,

the frictional value may be calculated. As in rolling, this method requires

that the yield strength of the material over the rarnge of reductions and

speeds (strain rates) employed in drawing be known accurately. The situa-

tion is, nevertheless, more favorable than in rolling-particularly hot

rolling-because strain-rate sensitivity is only moderate at room tempera-

ture and materials that are highly strain-rate sensitive are usually drawn at
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Fig. 5.2. Methods of measuring friction effects in wire drawing and

in strip drawing.

low speeds. If the contribution of friction to the total draw force is small,

a small error in the yield strength or the measured force may lead to a very

large error in the ctlculated value of the coefficient of friction. On the other

hand, it is also true that, under such c.rcumstances, a very accurate

knowledge of the friction coefficient is seldom needed.

The unceriainty Introduced by the yield strength of the drawn material

as one of the independent variables can be eliminated by a technique sug-

gested by Dint and MacLellan [21]. The method is based on the simul-

taneous measurement of back-pull 13 and draw for.. P (or, if more
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convenient, the force S acting on the die support, where S - P - b) (F1.g.

5. 2b). Back-pull lowers the interface pressure between the die and the

wire; however, If it is assumed that this drop does not change the lubricating

mechanism and thus !eaves friction unchanged, the effect of back-pull on

draw force can be expressed from the theoretical analysis of KOrber and

Eichinger as

P=P0 + B(A.2/A, 1) + pcot a (5.12)

In this simplified expression Po represents the drawing force in the abbence

of back-pull. Thus, if experiments are conducted first without and then with

gradually increasing back-pull, a number of experimental points may be

obtained from which an average coefficient of friction can be derived using

Eq. 5. 12. Alternatively, if the reaction force on the die support S is

measured, and for convenience a back-pull factor b = (P - S)/,B is intro-

duced (where Po = S ), the coefficient of friction may be obtained fr'm the

following explicit relation:

.!ail Z b)I cotsa =- In( _) 1 (5.13)
ln(1 -r)

where r is the reduc ion from Eq. 2. 23.

A number of methods have also been devised which permit the deter-

mination of the draw force with two states of friction. From the difference

of the two a measure of the contribution of friction may be derived, eliminat-

ing the need of knowving the yield stress of the material.

One such special method applicable to wire drawing with axial symmetry

was proposed by Linicus and Sachs [22]. The wire is drawn through a die;

SArst with the die stationary, then with the die rotating at a speed of 0 to 15

rpm (Fig. 5. 2c). Assuming that the lubrication mechanism is not affected

by die rotation, the friction value may be derived from drawing stresses

measured with and without die rotation, using formulae that take into account

the change in direction of the frictional force component incurred by the ro-

tation of the die. The method is somewhat limited by the torsion imposed

upon the wire which may cause it to break, especially if the friction coef-

ficient is high.

The contribution of friction may be measured in a plane-strain drawing

device coi~alning two rollers which may rotate freely or may be locked, in
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an arrangement similar to Fig. 5.2g, with only P measured. The strip is
pulled through the rolls in both conditions, using the same lubricant. The

difference in the measured draw forces is usdally reported as the frictional

force or, according to Veiler and Likhtman [20], as the force F required to

overcome the shear resistance on the material surface, over the die con-

tact area Af:
F = riA (5.14)

if

Such techniques cannot, of course, claim absolute accuracy because the

force measured with the freely rotating die is larger than the true minimum

force required for plastic deformation and the differences in the inhomogeneity

of deformation between rotating and fixed rollers are also neglected.

In principle, friction could be studied equally well in a plane-strain die

set, with a strip of at least 10:1 width-to-thickness ratio serving as the

workpiece, and flat-faced die halves enclosing the desired draw angle serv-

ing as the draw die. The distance between the die halves can be made

variable, permitting the exploration of a range of reductiors in the same die

set. However, elastic deflection of the die halves and their supports could

easily cause a major change in the die angle during drawing. Truly valid

data will be obtained only if the die set is sturdily built, and the extra care

involved in its construction may then justify a more comprehensive approach,

allowing simultaneous measurement of normal and diaw forces: this ap-

proach will be discussed in the next section. Alternatively, the die halves

may be replaced with fixed rollers, which have the advantage that several

areas of the cylindrical surface may be used before a redressing of the

surface becomes necessary.

blmultaneous Draw and Normal Force Measurement

While the draw force may be measured in any convenient way, even at

low speeds on a tensile testing machine, simultaneous draw force and normal

force m.-asurement requires more sophisticated Instrumentation and equip-

ment. Nevertheless, it offers a direct way of deriving the coefficient of

friction.

The direct ma.asurement of the normal forces in axial symmetry pre-

sents substantial problema. Strain gages affixed to the outer circumference

of a die could, in principle, give a measure of the hoop stress, bLut non-

uniform elastic distortion of the die is likely to give erroneous results,
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even though Majors [23] and others reported success in the dr&wing of rather

large diameter bars or tubes. Usually, the die is calibrated for hoop stress

by applying hydraulic pressure to the inside of the die witi the help of spe-

cial•y constructed closing plugs.

A direct measurement of radial forces would be more attractive.

Mac Lellan [24] used a die split in an axial plane, and measured on a load cell

the force separatirg thi two halves. The technique was refined by Wistreich

[25]. In experimenits conducted by both researchers, the force holding the

two die halves together was gradually reduced until the halves separated.

The point of separatlor was judged from measurements by a dial gage;

Wistreich also noted the break from an electrical circuit. At this point, the

holding force H is equal to the die separating force S (Fig. 6. 2d). From a

simultaneous recording of the drawing force P, the coefficient of friction

may be determined-for a straight tapering die-without resorting to a

theory, as follows:

With a die of a half-angle (Fig. 2.7), the contact area between die and

wire is (A1 - A2 )/sin a. The draw force P is balanced by the axial com-

ponent of the forces developed by the mean die pressure p:

P = (A1 - A2 ) (1 + 1cota) p (5.15)

The die separating force S acts on the projection of the contact area and

equals

S -(A1 -A 2 ) (cota -p)p (5.16)

Combining the two equations,

cot a - 1S/P (5.17)
(cot a) S/P +1

and

(A1 - A2 ) (cot a -$T)

While the method is simple in principle, the preparation of the die set

require&: great care and skill, and opening of the die halves along the parting

line undwr 'oad is bound to cause lubricant leakage, thus upsetting the In-

tended lubricating action and generating additional separating force. This

objection is overcome by the split die of Yang [26] which is restrained in a
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lP.-.,e ring. A small load cell is built into a window at a selected point of the

circumference to measure the hoop strain in the large ring (Fig. 5. 2e), giv-

ing a direct measure of the die separating force. This solution also relies on

a repeatable elastic deformation pattern, which can be realized only if the

drawn wire diameter is kept constant for any one die.

Plane-strain (strip) drawing offers a more practicable system because

the two die halves can be sep&xated and normal forces measured. It was

frst used by Sachs but only for light reductions, and it was not until recently

that Pawelski developed it to a high degree of accuracy [27]. The moving die

half is supported against a flat roller bearing (Fig. 5. 2f), and the true draw

angle is continuously monitored with an ari bearing on two linear differen-

tial transducers. Pawelski showed that, at least with very god lubricants,

the error introduced by neglecting the changes in draw angle under load can

be 30 times as much as the mean error in force measuremants. With more

typical, moderate friction coefficients and a m3an error of 1% in force

measurement, the friction coefficient would still be ±10% in error if the true

die angle were not continuously monitored. Even though this die is of rela-

tively complex construction, there is little doubt that it yields more reliable

data than any other, more simple approaches previously reported.

A number of variations on the strip drawing test exist. One variant uses

a device similar to a small rolling mill in which the rolls are clamped so

that the strip is pulled (or pushed) through a cylindrical die entry zone. This

approach has been pursued by, among others, Polakowsld and Schmitt [28].

If draw (or push) forces and roll separating forces are sfmultaneously

measured, the coefficient of friction can be calculated even though a large

number of simplifying assurn"- -- ns must be accepted. A simplified formula

may be obtained if the metal between the rollers is regarded as a simple

truncated wedge with an apex half-angle oi -2 where

tana = Ah/2L (5.L.4)

In calculating the contact arc !, elastic deformation is considertA according

to Hitchcock (Eq. 2. 21). The coefficient of friction is vhen

P =S - 2P ta (5.20)2P + tan a
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Alternatively, the absolute value of drawing >.-rce P for various pass reduc-

tions may be plotted and the relative positions of the resulting curves taken

as an indication of lubricant efficiency.

The simplicity of roller devices is appealing, and if plane-strain condi-

tions are assured, measurements should be reasonably accurate. Unfor-

tunately, plane-strain drawing does not necessarily simulate the lubricating

conditions that exist in axial symmetry, because the open side-gap in plane

strain allows escape of the lubricant.

One further advantage of plane-strain drawing should be noted. In wire

drawing, the leading end of the wire must always be reduced in diameter by

swaging, forging, roll forging, etching, or wachining. In contrast, plane-

strain (strip) drawing dies can be constructed so as to allow closing the dies

under a predetermined force (e. g., by hydraulic or air operated cylinders),

which then causes the dies to indent the strip prior to commencing drawing.

A variant of the strip drawing test was proposed by Wiegand and Kloos

[29], who Indented a strip with two fixed rollers, the width of which was two-

thirds that of the strip (Fig. 5.2h). The undeformed, overhanging strip

edges restrain deformation and limit the maximum reductions that may be

.. ta. ken, and must also complicate the stress system in the deformation zone.

There is no obvious advantage of this method over tLe simple wedge drawing

test.

Finally, tne photoelastic method used by Cook and Wistreich [30] should

be mentioned. Strips of lead alloyed with 3 and 5% tin were coated with a

soap film and drawn through dies made of stress-sensitive plastics. Since

friction at the die-wire interface causes the principal stresses to deviate

from the direction normal to the surface (Fig. 2. 7), the inclination of

isoclinics can be used to estimate friction along the draw surface. Even

though difficulties were experienced in locating isoclinics close to the inter-

face, it was estimated that the coefficient of friction varied from approxi--

mately 0.05 at the die entry to 0.01 near the die exit. While the use of

simulating materials makes the direct applicability of this technique limited,

it is still the only known way by whlc'riction variations along the die face

have been determined. There is f course, no reason why the oblique pin

technique developed for roll /(Fig. 5. lh) should not be used also for

drawing, but no record: ch work could be found.
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Friction in Tube Drawing

As discussed in Section 2.33, tube sinking is similar to wire drawing,

with friction limited to the outer surface. Drawing on a mandrel (plug) causes

the inner tube surface to slide over a stationary mandrel (plug); the draw

force over the mandrel can be measured with a load cell. Drawing in plane-

strain has the advantage that readily available strip material can be used.

Lancaster and Rowe [31] studied friction effects with a die set composed of

two fixed cylindrical dies and a parallel-sided plug, and measured the draw

force P, the die-separating force 8, and, with strain gages attached to the

plug holder, the mandrel force M (Fig. 5.2j).

5.24 Extrusion

Plasticity theory has often regarded extrusion as an analog of wire draw-

ing. except that the workpiece is push I rather than pullcl. In reality, the

much steeper die angles result in a substantially different material flow, as

discussed in Section 2.4. From the frictlontl point of view, there are other

sign~ficant differencvs; in aodition to die friction, container friction must

be overcome, and ti.e new surfaces exposed by large reductions must be

protected.

Total Frickion

Because of the great stiffness of an extrusion die, the dimension of the

extruded product gives no clue as to the magnitude of forces; therefore, even

the most rudiine.i-tary lubricant evaluation requires measurement of at least

the ram force (total cxtrusion force, Fig. 2.14). The maximum force

(breakthrough force) registered at the bqginning of the stroke is representa-

tive of the traneient situation that prevails before a steady-state lubrication

is attained, while the minimum fbrce observed towards the end of the stroke

contains an indefinite mixture of container and die friction. Therefore,

measurements of maximum and minimum extrusion forces can be used only

for a semiquantitative ranking of lubricant quality.

Separation of Container Friction

From a continuous recording of extrusion force against the work stroke

(Fig. 2.14) the forces P I'.id P2 can be read for two well-identified ram

positions 1 1 and 22 (Fig. 5.3a). Provided that there are no disiurbing heat-

ing or cooling effects, the difference of these forces may be attributed to



264

264 JOHN .A. SCIHEY

PP 1
2

Pd

C. d,

Fig. 5.3. Methods of m-asulung iriction effects in extrusion.

friction on the contairer wall. A friatlon coefficient may be readily calcu-

lated from a 3ubotitu.loi hito Eq. 2.39.

p 51% % pD (,1-d',• 1. 1.11 0.575..• 1
1 ... .. V1 - :_ d1 (5.21)

4(V4 j 2) 2: W 22xto'2
Since the antefacl iresm're (iadial preL-sure) always exceeds the yield

strength of the material, such friction coefficients are meaningless unless

pressures are defined as discussed in conjunction with Fig. 2. 2.

Alternatively, an titerface shear strength may be derived according to

Eq. 2.40 and, if the lubricant is of a constant shear strength, this solution

is preferable:

D -d 2 (5.22)

4t
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The technique of measuring the pressure acting on two pins, one placed

radially and the other at an angle to the container surface (an arrangement

identical in principle to that discussed in conjunction with Fig. 5. lh), has

been used by El-Behery et al. [32] for the direct determination of container

friction in the room-temperature extrusion of lead. Difficultizs inherent in

this technique make its use doubtful for the more practical instances of hot

extrusion from a heated container.

Separation of Die Friction

Separation of die friction calls for more sophisticated instrumentation.

In addition to the ram force measurement, the forces acting on the extrusion

die must be separately measured by supporting the die on a load cell (Fig.

5.3b). Perlmutter, DePierre, and Pierce [33] found that measurements

are reprod.,cible and that binding of the die in the container may be avoided

if clearances are properly chosen (diametral clear:.ce 0. 001 in/in). In

calibrating the equipment for the effect of fricion between the die and the

container, steel billets were machined to fit the contour of the dies and then

pressures normally encountered in hot extrusion were applied, When a

graphited grease lubricant was applied at the interface between die and con-

tainer, the force due to friction at that interface rose linearly with applied

extrusion pressure but never exceeded 20 tons at an applied load of 500 tons.

These authors also indicate that direct recording of the total ram force from

the hydraulic system causes erroneously high initial readings due to surges

in the hydraulic system, and found it necessary to apply strain gages directly

to the extrusion ram.

Once the die force is separated, a friction value may be derived using

any one of the theoretical solutions linking friction, yield stress, and ex-

trusion force. The problem is, of course, L.e same as in all calculations

where an exact knowledge of the yield strength 's needed and, at present, it

is preferable to use the directly measured die forces without a further at-

tempt at reducing them to friction values. This is particularly true of hot

working where large variations in yield stress may be expected across the

die face.

The force acting on the extrusion die can also be .,eparateo by measur-

ing the forces in tie-rods (Fig. 5.3c). This configuration was chosen by

Haddow and Chudobiak [34] for measuring the frictional drug generated by
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the reverse flow of material in piercing experiments. As in all experiments

with divided dies, great care must be taken to guard against the extrusion of

a flash.

The similarity between extrusion and drawing offers an interesting pos-

slbility of establishing die friction without the complication of container

friction. When a workplece of sufficient stiffness is pushed through a die

(as is done in push pointing on modern draw benches), the force essentially

represents that of containerless extrusion (Fig. 5.3d), even though with a

small reduction. In order to derive a coefficient of friction, one must again

rely on theoretical formulas. However, any of the methods discussed for

drawing (Section 5.23) may be used for a simultaneous measuzement of axial

and normal (radial) forces. A split die based on the same principle as used

by MacLellan [24] in wire drawing was employed by Broscomb [35] for axial

symmetry and the plane-strain technique by Polakowski and Schmitt [28].

Unfortunately, compressive instability of the workpiece limits reductions

typically to below 25%. a very small value by extrusion standards.

Hydrostatic extrusion (lrig. 2. 11f), in which the billet is completely

surrounded by a fluid and wall friction is substantialai eliminated, also

allvws a measurement of the die force, since the total force is now attribu-

table to the die alone. However, the presence of a highly pressurized hy-

draulic fluid inevitably causes a marked change in the lubricating mechanism,

and results from this technique cannot be transferred to conventional ex-

trusion.

5. 25 Forging

Some of the elementary forging operations, such as upsetting of a

cylindrical specimen, appear very simple anu sensitive to frictional condi-

tions; therefore, they have been used extensively for frictional studies and

lubricant evaluation. However, as we shall see, some of this simplicity is

rather deceptive, and results must be viewed with reservations.

Upsetting of Cylinders

The dependence of upsetting force on interface friction offers a simple

way of ranking lubricants. The force required to upset specimens of con-

stant size to a predetermizied height may le noted or, conversely, a constant

furce may be applied and the resulting deformation measured (Fig. 5. 4a).

These techniques are suitable for an overall ranking of lubricants. But since
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Fig. 5.4. Methods of measuring friction effects in upsetting and

indenting.

friction is bound to vary from the center toward the edges and since pa~rtialiy
sticking friction or complete sticking along with folding over of side surfaces
is likely to occur, friction coefficients derived with the u•ie of any of the
theoretical formulas (e. g., from Fig. 2. 20) are subject to suspicion. The
validity of theoretical solutions is better for small deformations, but in-
cremiental upsetting would interfere with the natural development and break-
down of lubricant films and could, therefore, invalidate the test. In general,
specimens with a relatively large diameter-to-height Lrutio (at least 4) are
preferable so as to encourage expansion of the original end face even when

PI

L b
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friction is high. These rservations apply even more to upsetting at elevated

temperatuies, since cooling at the interface restricts end face movement and

indicates an apparently higher coefficient of friction. If a lubricant is used, the

results ma' i- ••d ;c9tive more of heat insulating than lubricating characteristics.

Siebel and Pomp [36] drew attention to the possibility of determining the

coefficient of friction in cylindrical upsetting by using conical compression

platens (Fig. 5.4b). At the die-workpiece interface, a component of the

normal force, P2 = Pn tan a, acts to move the material in a radial direction.

This force is opposed by the frictional force F = Pnp. When the frictional

force balances the radial upsetting force component (P2 = F or j = tan a) the

cylinder deforms uniformly; when the frictional force is higher, barreling

occurs; whereas if the radial force component of the upsetting force pre-

vails, the end faces spread. Even though the method is accurate-at least if

the absence of barreling can be correctly judged-a large number of precise

specimens and dies must be prepared [37]. The artificial geometry could

also severely interfere with the lubricating mechanism.

Earlier discussion has shown that with high values of friction, a zone

of sticking develops in the center of the interface. The extent of the sticking

zone may be found by applying a measured grid onto the end faces of cylin-

ders with heights h1 greater than their diameter d1 . After deformation, the

radius of the edge of the sticking zone rc is readily measured (Fig. 5.4c).

According to Sutt [38], a mean coefficient may then be determined for the

sliding zone from the following equation:

in •-1 + !E (rc 1 - = 0 (5, 23)
2p h 1  c 2'(523

Since this equation holds only at the moment of yielding, the coefficient of

friction is - lerestimated unless the test is repeated at several reductions

and the results are extrapolated to zero reduction. Such extrapolation does

not pertain, of course, if the lubricating film changes during compression.

The grid should be printed rather than engraved (otherwise, the trapped

lubricant may falsify the results), and the surface topography must be very
uniform.

rhe high intei-face pressures often obtained in practical metalworking

processes may be reproduced on a small scale by upsetting cylinders of

rather large diameter-to-height ratio. A variant of this technique has been

developed by Rastegayev, quoted by Veiler and Likhtman [20]. A
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disk-shaped specimen is compressed between anvils of somewhat smaller

diameter; thus the area of contact remains constant and calculations are

simplified (Fig. 5. 4d). In this respect, the test is similar to plane-strain

compression; however, the annular overhang of the workpiece materia] ex-

erts a restraint on the deforming portion and raises the apparent resistance

to deformation. The luoricant effectiveness may be judged from forces gen-

erated without and with the lubricant, and an order of merit can be estab-

lished, but a coefficient of friction is difficult if not impossible to calculate.

Therefore, plane-strain compression remains preferable to this method.

For theoretical purposes, the variation of friction (interface shear

strength) from point to point is of interest and this has been accomplished by

Van Rooyen and Backofen [39] with oblique pins similar to those described for

roiling in Section 5.22. The principle of measurement is shown in Fig. 5.4e.

Two pins are embedded into the surface of the compression platen at the

same radial distance on the specimen. The measured pressure is composed

of the normal pressure acting on the interface and of the frictional force be-

tween pin and platen. If the local coefficient of interface friction I is de-

fined as the friction-induced shear stress r divided by the normal pressure

prevailing at the same point and if friction between pin and platen ispo, the

pressure acting on the normal pin may be expressed as

pa =a -. oa a (5.24)

For the oblique pin, with A smaller than tan j6

--- 1+tan0(u-/o) +/•o0 (5.25)

From these

1 + t + pop (5.26)

from which the coefficient of friction may be derived if friction between pin

ar.d platen (bushing) is known.

Experiments conducted with this technique call for careful calibration.

Possible binding or rotation of the pin in the platen and variations of pin-

platen friction po with lubricants penetrating into the clearance must be

considered. Molybdenum disulfide applied in a resin carrier resulted in a

remarkably constant and low friction in Van Rooyen and Backofen's
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experiments. The clearance between the pin and the platen must be small

enough to preclude penetration of specimen material into the gap, yet large

enough to allow sliding of the pin without binding.

Upsetting of Sabs

From a consideration of stresses and displacements in the compression

of a thin sheet between overhanging platens, Hill [40] concluded that the

friction coefficient may be determined if the lamina is rectangular, its length

at least 10 times Its width, and its height similar to its width. Under these

conditions, the only stress components are the compressive stress, the

interface pressure, and the friction, allowing a simplified analysis of the

problem. The width change is measured in the middle length of the speci-

men; the ends deform less, giving a characteristic cigar-shape (Fig. 5.4f).

The analysis shows that the test is sensitive to very small friction values

but becomes inoperable at higher frietinn, and the test has found little use.

The variation of Interface shear stresses along the width of a com-

pressed, rectangular workpiece was measured by Tarnovskii et al. [41],

who utilized a technique similar to that shown in Fig. 5. 1J. A divided platen

was sandwiched between two identical workpieces, which were then com-

preEsed between two overhanging platens. The separating force acting on the

divided central platen was measured on load cells; this indicated the net

frictional forces at a selected point of the interface. From a simultaneous

measurement of the local interface pressure with a pin embedded in the

outer platens, friction coefficients c,-uld also be determined.

Ring Upsetting

Tiis technique was originally deve:oped by Kunogl [42] for cold working

uaOt was later adapted by Male and Cockcroft [43] for hot working. Since the

position of the neutral zone Is a function of friction, there is no need to

measure forces-it is sufficient to measure only the changes In internal

diameter (Fig. 5.4g). If Ve specimen geometry is kept constant and •w

reduction can be exactly reproduced, no other variable needs to be ccn-

sidered. This simple procedure allows a ranking of bL-ricants.

As soon as a quantltativw value of the coefficient of friction Is sought,

one of the theoretical treatracrits of the position of the nctutral plane must be

adopted (Section 2.52). Aiteriallvely, the indirect method employed by

Male and Cc-.. ,roft [43) may be ,ollowed. They compressed both rings and
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cylinders under identical lubricating conditions, and calrulated friction from

the cylinder upsetting experiments using Schroeder and Webster's formula
(Fig. 2.20). These friction values were then plotted against the changes

in internal diameter of the ring and were used as a calibration (Fig. 5.5).

Such procedure allows comparison of data obtained at different reductions,

provided tha., lubricant breakdown does not occur.

Results obtained by various authors are directly comparable as long as
relative specimen geometry is identical. In most past work, the inside

diameter equaled half the outside diameter, while the height was one-third

of the outside diameter.

Some uncertainty enters into the evaluation when high friction causes

severe barreling in the hole surface. The minimum diamewcer essentially

represents the consequenoes oe inhomogeneoiis deformation, the diameter
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measured at the surface is more typical of interfaca sliding, while an aver-

age diameter, calculated according to a suggestion made by Burgdorf [44] on

the assumption that the deformed surface is parabolic, represents a compro-

mise. For most purposes, the minimum inner diameter seems to serve

well. 1-7urther complications arise when friction changes during the course

of compression, as discussed by Bargdorf and others.

A variant of the ring compression test is described by Verier and

Likhtman [20] in which the specimen is upset between two punches, the

diameter of which is smaller than the OD of the specimen but larger than the

hole (Fig. 5.4h). Lubricant efficiency is again judged from the increase of

the bore, but it would appear that the restraint provided by the overhanging,

elastically strained material must interfere with evaluation; the test offers

no visible benefit over the more generally accepted ring compression test.

Plane-Strain Compression

Plane-strain compression (Fig. 5.41), originally developed by Watts

and Ford [45] for the accurate determination of the compressive yield

strength of materials, has been repeatedly applied for the measurement of

friction. As discussed in Section 2.53, a coefficient of friction can be de-

termined from measured compression pressures (Fig. 2.22). Most experi-

mental work has been conducted along one of two different lines.

First, a qualitative rating of libricants may be obtained by presetting

the compressing force and measuring the issuing thickness or, conversely,

by compressing to a preset thickness and measuring the maximum force

developed. If a coefficient of friction is to be derived, the plane-strain yield

strength of the material needs to be known to a great accuracy. This may be

achieved by plane-strain indentation with a lubricant that gives close to zero

friction and, preferably, with the technique of incremental deformation, in

which the surfaces are relub.icated after small (2 to 5%) compressive incre-

ments. To assur- plv'e strain, the strip width b should be at least 6-10

times the thickness h. Also, foe" the measurement of yield stress, the L/h

ratio should be kept between 2 and 4. if the test is then repeated with the

lubricant to be investigated the coefficient of friction may be derived, for

4xanple, from Fig. 2.20b. The determination of p becomes less accurate

as L/h becomes smaller and, in common with most forgin'g experiments,

sensitivity is lost when the coefficient of friction is greaier than 0. 2. The

yield strength of the material need not be known if the test is repeated with a
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constant reduction in height and with the same lubricant at two L/h ratios, N

because p can then be taken directly from Fig. 2. 22b.

The technique described by Kravcenko [4r)] may be regarded as a modi-

fication of the plane-strain indentation technique. A thick specimen is

indented by two cylindrical anvils (Fig. 5.4j); since the indentation force is

dependent on penetration, a constant penetration is standardized. From a

slip-line field solution, the coefficient of friction may be determined if the

indentation stress for zero friction is known. In p'actice, it is easier to

determine the indentation stress in sticking friction with a roughened in-

denter. Repeating the test with a smooth indenter and the experimental

lubricant, the indentation pressure is determined and a coefficient of friction

may be obtained. It is not clear whether this test has a&y advantages over

plane-strain compression; deformation and the generation of new surfaces is

rather limited, and friction conditions are unlike most of those prevailing

in practical deformation processes. Nevertheless, an essentially similar

test using constant load instead of a constant indentation has been found use-

ful for a fast and simple ranking of lubricants, particularly at elevated

temperatures [47].

A variant of this test, developed by Tamura and 1Cudo, and also reported

by Kudo [8] in a review article, employs two wedges of, say, 300 included

angle. ITlhe force developed during penetration may be calculated from

slip-line field theory, and the test seems to retain sufficient sensitivity even

for higher friction values.

Technological Tests

Even though the effect of friction in aiding die filling in impression

(closed) die forging i.ý ,ittle anderstood, methods of evaluating lubricants

are still required.

In order to avoid at least some of the complexities of closed die forging,

a simple workpiece geometry is attractive. Shaw, Boulger, and Loorig [49]

measured the height of a rib formed in a trapped die (Fig. 5.6a) with various

lubricants at identical forces. The geometry resembles somewhat that of

extrusion and, since no flash is formed, the balance betweer friction in the

flash and in the die cavity Is not established. Also, a fin extruded between

punch and die could confuse the results. .zuch a test is, however, useful

for simulating trapped die forgiWn.
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Fig. 5.6. Methods of measuring friction effects in i.:pression (closed)

die forging.

It could be assumed that high friction would be desirable in the flash

gutter and low friction in the die. Conditions approaching such practical

closed die forging r 4.y be obtained with a simplified specimen of axial sym-

metry; ff the workpieoe is unsupported on ifq bides, the depth to which the

material penetrates in the open-ended ca--,.y may be regarded as a measure

of the ease of die filling. It should be noted, however, that greater penetra-

tion means less material available for upsetting 5g. 5.6b), and it may be

argued that this introduces an uncontrolled variable into the test. The depth

of die filling is, )bviously, a f-Unction of friction on the die wall, of the

geometry chosen, and of reduction in area and .train hardening of the un-

supported section of the billet. The tesE may allow a qualitative ranking of

lubricants if one and the same billet material is used, but materials of dif-

ferent strain-hardening characteristics cannot be directly compared.

More satisfactory is the arrangement where a )ylindrical test piece is

forged in an impression die containing a c(,ntral hole (Fig. 5. 6c). The

height h of the boss fUrmed in this hole is then a measure of friction. It

should be recogni7ed, though, that the height of the boss will increase not

only with decreasing friction on the wall of the die, but also with increasidg
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fricton in the flash gutter, since this will retain more material in the die

cavity. However, this is a desirable situation in practical closed-die forging

operations; therefore, while the test is by no means readily analyzed, it is

acceptable as a scaled-down version of real forging, and has taken a prom-

inent place in German work (e. g., StMter [50]).

Frictional effects may also be evaluated from the measurement of the

total force required to forge a given (usually simplified, axially symmetri-

cal) slape (Fig. 6. 6d). This technique was used by Tolkien [51] who forged

a flat disk, somewhat similar to a gear blank, and thus achieved die filling

mostly by spread over the end faces. The total forging force P was there-

fore regarded as an indication of sliding friction. The force PE required to

eject the workpiece was taken as a measure of sticking in the die.

Sticking friction is of great importance in that easy removal of the

workpiece from the die cavity is a prerequisite of a smooth production flow.

Forces required for ejecting a forged workpiece from the die cavity reflect

friction and adhesion between die and workpiece after conformity between

the two surfaces has been achieved through plastic deformation. Several

techniques have been proposed for simulating this effect. The one due to

Sakharov, and quoted by Veiler and Likhtman [20], utilizes a ring die with a

conical hole (Fig. 5. be). A cylindrical billet is upset forged to fill the

ho~e and then, after ýurning the die over, the forged plug is ejected. The

force PE required for ejection is taken as an indication of the efficiency of

the lubricant to prevent seizure and facilitate workpiece removal. Breznyak

and Wallace [52] used a conical punch coated with the experimental lubricant

for penetrating the workpiece mate~rial to a predetermined depth (Fig. 5. 6f).

The force required to extract the punch after a specified holding time (5 eec)

was taken as a measure of sticking friction.

The pressure generated by gaseous components of the forging lubricant

is of special importance because, if properly cont.rolled, it aids the removal

of the forging from the die. On the other hand, excessive pressures may

prevent complete filling of deep-seated portions of die cavities that are

closed by the flow of material in early stages of deformation. Tolkien [51]

built a speuial die in which the pressure developed in the cavity was measurod

with a suitable pressure transducer, connected with the cavity through a

small hole.
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5.26 Sheet Metalworking

Of the great number of practical sheet metalworking teohniques, only

deep drawing has been extensively investigated, Iand techniques for measur-

ing friction are usually aimed toward this application. LIbrication may

assume considerable importance also In shearing, blanking, aid punching,

but measurement of die wear, tool pickup and, rather infrequently, blanking

force must be carried out under actual or simulated production conditions, j
since the cumulative effect of repeated encounter is the only useful index of

lubricant quality. Other sheet metalworking operations, such as bending and

stretch drawing, involve mostly elastic contact between the die and workpiece,

and lubricant evaluation may be satisfactorily performed with tests involving

elastic contact (Section 5. 27). Discussion in this section will be limited to

deep ( •.wing operations.

The first operation in forming a sheet metal body is usually that of

drawing without intentional thinning of the walls (Fig. 2.23a and b). The

bottom of the vessel may be flat or curved. In either case, the frictional

conditions are extremely complex, and no meaningful average coefficient of

friction may be derived (Section 2.63). The only useful purpose ou lubricant

evaluation is that of assigning an order of m6rit. Ibis can be obtained by

drawing a predetermined cup geometry from circles of constant diam er,

and measuring the maximum force developed during the draw (vig. 5.7a).

Alternatively, circles of gradually increasing diameter may be drawn and the

maximum drawable diameter Dma or, preferably, its relation to punch

diameter Dmax/d (limiting drawing ratio) taken as a measure of lubricant

quality. For adequate distinction between lubricants of similar performance,

the circle diameters must increase in small increments; in addition, a

number (usually a minimum of five) circles of identical diameter should be

drawn in order to eliminate accidental variables and establish a character-

istic process condition. These requirements demand a rather large number

of circles for each lubricant when the limiting draw ratio Is used as a means

of evaluation.

A die set with complex instrumentation, developed by Kawai et ad. [53]

permits simultaneous recording of punch force P, blankholder force PBV

punch travel, and-by splitting the blankholder into two halves and measuring
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Fig. 5.7. Methods of measuring friction effects in deep drawing with

a blankholder.

the forces acting on them-also the frictional force on the blankholder sur-

face FR (Fig. 5.7b). This technique appears to Li- especially valuable since

it allows separation of blankholder friction from die and punch friction under

realistic conditions.

Friction conditions are substantially different and, in some respects,

less complex when a drawn cup wall is further reduced by ironing (Fig.

2. 23d). Measurement of the total force is again a convenient means of rank-

ing lubricants. If so desired, a coefficient of friction may be derived from

an appropriate formula; however, the validity of such procedure is highly

questionable because it is unlikely that the same friction conditions pertain

to the outside. and inside cup surfaces (consider Eq. 2.33). The similarity

of ironing to drawing on a bar has been pointed out (Section 5. 23). Both

processes are characterized by the punch or bar moving together with the

cup or tube. Separation of friction on the outer and inner interfaces then

calls for rather coL iulex instrumentation which is often more easily ac-

complished for plane -strain conditions.
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Drawing In Plane-Strain
Various means have been devised to obtain direct friction measurements

and, at the same time, to simplify the experiments. Typirtnly, the cup of

axial symmetry is replaced with a strip, thereby reducing the problem to

that of plane strain.

In the simplest form, sheet metalworking lubricants are rated by draw-

Ing a strip between two flat die surfaces. Even though this simulates to some

extent the conditione existing between the blankholder and die surface, con-

tact is essentially elastic; therefore, this test will be discussed in more

detail in Section 5.27. In a modified form due to Sachs [54], friction is

measured with concurrent plastic deformation, by cutting a specimen with a

wedge-shaped portion whtch is then drawn through a draw die (Fig. 5.8a)

consisting of two flat grips (brake blocks) and two draw die surfaces defining

a small included angle 2a. In measuring the forces separating the draw die

halves, great care must be taken that bending moments do not contribute to
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Fig. 5.8. Methods of measuring friction effects In plane-strain tests

designed to simulate ironing.
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the measured normal force Q. The response of a lubricant to gradually

increasing forces is readily measured during the drawing of the same strip

by increasing the norma]. for,-es on the parallel (brake--block) surfaces in a

stepwise fashion. This test approaches deep drawing closer because it pro-

vides some of the lateral compressicn typical of the deformation of the partly

deformed flange. It appears though from experiments by Panknin and Reihle

[55] that the slight additional plastic deformation does not affect the ranking

of lubricants.

When the purpose is to simulate ironing, it should je borne in mind that

the drawn cup is reduced from only one side; it is in contact with a fiat

(cylindrical) surface on the other (punch) ride. Therefore, the wedge draw-

ing test used for the evaluation of drawing lubricants (Fig. 5. 2f) Is not suitable

for simulation. Instead, the die set must be composed of a flat and an angled

surface (Fg,, 5. 8b). An aporoximate coefficient of friction may be derived,

at least for small die angles, simply from the ratio of the pull (frictional)

force P to die separating force, g = P/12S. The hidden assumption in this

test is, of course, that friction is the same on the parallel and the angled die
surfaces. This assumption is seldom valid. A further pent, apparently

seldom recognized, is that the strip slides on both the flat and the angled die

face at the same speed, whereas in ironing it would choose its own speed over

the punch. This test then is really more relevant to drawing a tube over a

mandrel; for this situation, however, the arrangement shown in Fig. 5.2j is

preferable.

An improved version of the test has been developed by Fukuli et al. [56].
A bent strip is drawn by a push pin through a pair of dies composed of an

inner die, which bears the inclined draw surfaces, and two flat outer dies

(Fig. 5.8c). The die separating force S and the draw force P are measured

independently and, therefore, u = P/S. The experimental arrangement

assures that there will be no interaction due to bending moments. It will be

recognized that this test is a variant of that shown in Fig. 5. 2j and is,

basically, more suitable for the simulation of drawing a tube on a stationary

mandrel.

In ironing, material flow on the outer and inner surfaces may be sub-

stantially different, and sliding velocities may be lower on the cylindrical

punch than on the surface of the conical draw die. Therefore, tests that

allow the material to select its natural flow pattern xrty provide better
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approximation to such metalworking processes; they can then give a realistic

appraisal of improvements due to differential friction (usually higher on the

punch).

One such device proposed by Veiler et al. [20] consists of a flexible

frame dynamometer which contains two cylindrical, freely rotating dies.

The strip specimen is bent around a round-edge flat punch and is pushed

through the rollers (Fig. 5.8d). The coefficient of friction over the punch

is then approximately given by A = P/2S. The amount of reduction is con-

trolled by the size of the punch or, with a constant punch size, by setting the

distance of the rollers. Alternatively, a flat plate of the punch material may

be sandwiched between two sheets and the assembly drawn through the die.

A modification of the same principle was undertaken with the aim of

separating friction between the workpiece and the die (Ad) and between metal

and punch (p ). Of the two cylindrical dies, one is fixed, the other is allowed

to rotate freely (Fig. 5. 8e). The frictional force Pd developed on the rotating

die (corresponding to the draw die) is transmitted by a flexible band to a

dynamometer. The punch itself is specially constructed (Fig. 5. 8f). A

well-fitting, but freely moving insert is fitted in a window (cut-out) of the

punch, and the frictional forces Pp developed on the side surfaces of this

insert ai.,e transmitted through a pressure pin to a dynamometer or load cell.

In order to avoid the disturbing effects of material extruded in a gap between

the punch and the insert, the specimen is first partially deformed with a solid

punch, then the special punch is put in place and the draw is completed. This

device is amenable to various modifications, so that it can be adapted to

simulate a number of operations. It is important that the frictional losses

in the bearings of the rotating die be determined and used as a correction

factor in all experiments. Such calibration may be conducted, for example,

by attaching a flexible steel band to the roller die at the point a where the

dynamometer band is attached, and applying increasing forces in the drawing

direction. The difference between the applied force and the dynamonmeter

indication is the loss due to bearing friction. This device permits the

measurement of friction between the workpiece and the die (Ad = Pd/2S) and

between the metal and the punch (pp = P /2S).
pp
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5.27 Simulating Tests

Because of the complexity and cost of experimentation with actual defor-

mation processes, simple simulating testa have always been desired which

would, ideally, yield results applicable to all metalworking procesqes. A

great number of such tests have been designed, and those resulting in sub-

stantial plastic deformation of the workpiece material are undoubtedly closer

to metalworking practice. Even though a fri, tion coefficient is usually calcu-

lated, many of these tests are more usefil for the study of adhesion, ma-

terial transfer, and wear.

Tests with Partially Plastic Contact

One of the most widely used test methods employs a pin riding over a

flat surface, such as a table or disk. While a flat-ended pin (Fig. 5. 10a)

establishes essentially elastic contact and provides an ostensibly constant

contact area, the slightest cocking of the pin due to elastic deflection of thc

supporting members is bound to cause highly localized contact and plowing.

Much more suitable is a pin with a hemispherical end (Fig. 5. 9a),

which may be allowed to penetrate rather deeply into the specimen surface

without basically altering contact conditions. The mode of deformation is

somewhat between plastic deformation aiid metal cutting, since a buildup

p P

I Pr
a. b c. d.

ef. g h*

Fig. 5.9. Methods of measuring friction and wear with localIzed

plastic deformation of surfaces.
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of metal in front of the rider is unavoidable, at least in small numbers of

passes. Repeated contact, typical of many practical deformation processes,

can be simulated by repeated traverses, but only if interface pressures are

kept low enough to avoid deep plowing of the surface. The maximum stress

that may be applied is essentially determined by the inaentation hardness

(approximately 3ao) of the specimen. Simultaneous measurement and re-

cording of normal and lateral forces is relative!y simple, but sturdy con-

struction is essential if stick-slip is to be avoided, although the onset of

stick-slip in a particular test setup is also an indication of lubricant quality

(a partial review of the subject has been given by Barwell [57]).

Most difficulties of construction are avoided when the rider is made to

rest on three balls. This maintains automatic uniform distribution of the

load, and assures smooth movement of the rider over the surface. Such a

simple technique has been used apparently successfully by Smith [58] for

investigating the effect of viscosity and temperature on static a±d sliding

friction. The rider resting on the three nonrotating balls was moved simply

by gradually increasing the inclination of the flat test surface. A simi!ar

arrangement, but with the rider drawn by a rope, pulley, and weight was

used by Hinsley et al. [59] for inves'igations into the high-temperature

friction properties of oxidized metal surfaces.

A modification of the pin-on-disk principle by Peterson and Ling [60]

alms at generating high interface pressures. A thin (0.04 in. thick) sheet of

metal representing the workpiece is compressed between a flat anvil and a 1/6

in. diameter punch (FIg. 5.9b). On applying the normal force, materia is

extruded from between the dies. The remaining thickness is a function of

the material properties, the applied load, and friction. By its large

diameter-to-thickness ratio, the sheet is able to support a multiple of the

uniaxial yield stress of the specimen material. The punch is then moved

sideways, and from the measured lateral and normal forces a mean coef-

ficient of friction is determined. The simplicity of the test is attractive;

however, it appears that only short traversing distances are practical, the

pressure distribution is uncertain, and the temperature range is limited by

the need of heating the whole equipment to a common temperature. Elas!ic

deflections and consequent cocking of the pin might also cause problems.
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A much more satisfactory specimen geometry is obtained if the die ma-

terial is used to form a flat deforming surface and the workpiece is com-

pressed and laterally moved at the same time.

In thc method suggested by Pavlov and Kostychev and reported also by

Veiler and Likhtman [20], a cylindrical specimen is upset between two par-

all,'i flat platens and, at the same time, moved perpendicular to the direction

.! upsetting by a special screw mechanism (Fig. 5. 9c). Since the lateral

(frictional) force is distributed over the two end faces, the average coef-

ficient of friction u = F/2P.

In the method developed by Orowan and Los [61], a flat anvil is loaded

from both sides in a compression testing machine by two specimens (Fig.

5.9d). The specimens haie an annular surface of a mean radius r and are

slotted (castellated) so that three segments of the annulus contact the anvil

surface. The anvil is then slowly rotated by hand, the force F being applied

through a spring scale attached to a lever of arm a. The coefficient of fric-

tion is found from

Fa_L (5.27)

Normal stresses in excess of the tensile strength of the material are

readily supported, elastic distortions have little effect on the geometry of

the interface, and the effect of prolonged sliding can be investigated if a

s•uitable drive is devised. This was accomplished by a number of investi-

gators who studied adhesion under elastic load conditions, and by Schey [62]

for fricti)nal studies at interface pressures in the plastic deformation range.

Local binding of surfaces may cause very high deflecting forces; therefore,

the construction must be extremely sturdy. Great care must be taken to

separate the torque T (frictional force F = T/r) and the normal force P in

the sensing system, and to eliminate interaction th.t could falsify results.

With these prccautionr, it is possible to measure friction over a wide range

of values. The coefficient of friction is: u = T/Pr. For heavy deformations

it is desirable that the specimen should have an uninterrupted annular sur-

face (Fig. 5. 9e). The technique offers a method of quick appraisal for surface

damage and material transfer, and the shape of the deformed specimen

also provides a direct clue to the magnitude of the frictional forces. With

kow friction, the specimen upsets uniformly. When friction is high, twisting

of the specimen L6 observable from surface markingd, and the combination



284 JOHN A. SCHEY

of normal and high frictional forces causes rapid yielding and a collapsing

of the specimen in a combined compressive and shear stress system. The

method used by Shaw et al. [63] is a variant of twist-compression in that a

steel ball is rotated against the predrilled workpiece material (Fig. 5. 9f).

A crossed cylinder technique (Fig. 5.9g) with loads high enough to cause

at least some plastic yielding has been also used repeatedly for lubricant

evaluation. A cylinder, representing the workpiece material, is rotated

while another cylinder, representative of the die material, is moved grad-

ually across the length of the rotatbng cylinder so that a helical path is de-

scribed [64]. The torque required to rotate the cylinder is taken as a

measure of friction, or a coefficient of friction is calculated from the normal

force and torque.

A lubricant evaluation method based on partially elastic contact has been

described by Veiler and Likhtman [65]. A hardened steel ball is foiced

through the hole of a container (Fig. 5.9h). After a number of passes (4 to

6 with lubricants and 12 to 14 without a lubricant) the force required to push

the ball through becomes constant, indicating that purely elastic contact i•

maintained. The cylindrical con, aer may be made of any workpiece ma-

terial. The maximum forces recorded in pushing the ball through the hole

may be plotted against the number of passes to show the efficiency of the

lubricant in reducing friction and preventing galling and seizure.

Tests with Elastic Contact

Simulating tests in which plastic deformation of the specimen is com-

pletely avoided are one step further removed from metalworking operations.

They have some obvious Justification for simulating deformation processes

where plastic deformation is limited; for example, they may be used for

simulating the conditions existing in tL_ blankholder area in a deep drawing

operation.

The difficulties associated with a flat pin riding on a flat surface (Fig.

5. 10a) have already been discussed, and the test is seldom used for lubri-

cant evaluation. The strip drawing test, first used by Sachs [54] and further

developed by Wojtowicz [66], is much more suitable for simulation -,f metal-

ikorking. The strip is drawn between two opposing flat die surfacec that are

wider than the strip (Fig. 5. 10b), and the coefficient of friction is uimply

obtained as a quotient of draw force F and normal force P: A = F/2P.
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Fig. 5.10. Methods of measuring friction and wear with elastic

deformation of surfaces (a-d) and with the test material in a confined

space (e,f).

On the premise that deep drawing involves sliding as well as bending,
Littlewood and Wallace [67] described a test where a strip is drawn by a
force P over a quadrant die against a back tension B (Fig. 5. 10c). The
construction of the die permits the variation of the angle of contact over the
forming die, and the test should be a fairly faithful simulation of conditions

around the draw radius of a deep drawing die.
Purely elastic contact is used in the presa-fit test described by Sonntag

[681. An oversized pin is driven by a hydraulic piston into a bushing, while
the pressing force is measured by a hydraulic pressure gage (Fig. 5. 10d).
Expansion of the bushing gives rise to an interface pressure or normal load

P. The coefficient of friction is found by dividing the force required to over-
comt. frlction (F) by the normal load (P). the normal load is determined

from the following relationship:

P l-pjd (5.28)



286 JOHNA. _CHEY

where d bushing ED and . length of bushing, and p, the pressure between

the surfaces, is calcula!ed according to Timoshenko from:

S2 2E 7- D2- 2 (5.29)

2D-d

where E = elastic modulus of bushing material; D = original OD of bushing;

i interference. The test was originally designed to evaluate lubricants and

interferences for press-fitting machine compnnents, and has been subse-

quently advocated for general lubricant evaluatiop.

A variant of the twist-compression test was used by Haverstraw [69] for

screening hot extrusion lubricants. A 100 lb flywheel was brought up to 1400

rpm, the drive was disengaged, and a die steel representing the tooling and

pre)-ated to 427 aC was droppod in a hole in the center of the flywheel (Fig.

5. 10e). Th1e lubricant was then applied to the die, and a preheated billet of

the workpiece material was placed in a holder on top of the die. The two die

halves were then brought together. The time taken for stopping the flywheel

was regarded as a measure of the ability of the lubricant to reduce friction,

and inspection of the surfaces after the test revealed evidence of scoring.

The ciange of the angular velocity with time against pressure was plotted,

and the slope of this curve was taken to be representative of the (average)

coefficient of friction. Because deformation of the specimen interferes with

free rotation, stresses must be kept below the yield strength of the softer

material and new surfaces Are not generated. Furthermore, continuous

deceleration prevents the development of representative conditi~rus. There-

fore, the relevance of this test for the simulation of metalworking processes

is doubtful.

Several attempts have been male to devise a laboratory test ik which the

normal pressure may be increased so as to explore friction over a v ide

range of interface pressures without introducing difficulties of interpretation

arising from bulk plastic flow. Ideally, a twist-compression test In which

the workplece material is confined could provide a solution, and Peterson

Ct al. L70] and Lauterbach et al. [71. have made use of such test geometry

ITPig. 5. 10f). While the test is appealing in its apparent simplicity, certain

features are dubious. One cannot but wonder whether the fin of metal that

is bound to extrude in the gap between the rotating punch and the stationary

container does not affect the accuracy cf measurements. Construction of the
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test equipment presents obvious problems, calibration for any disturbing

secondary friction surfaces is difficult, and sliding velocities change along

tbe radius.

Many b-uch-type test machines developed primarily for general friction

and wear studies have also been used for metalworking lubricants. Those

most generally employed are shown in Fig. 5.11 [72, 73]. Contact is estab-

lished over a cylindrical surface in the Almen machine (a) in which a bar is

rotated in a split bushing pressed against it. Load is increased at 10-sec

intervals until the initiation of scoring. The Timken machine 1b) is typical

of those employing line contact; a steel block is pressed against a rotating

cylindrical steel ring for a period of 10 minutes. The highest pressure under

which no scoring occurs is recorded. Line contact is combined with rolling

in the SAE machine and the somewhat similar Amaler tester (c); two disks

are driven independently at different speeds and are pressed at increasing

load until failure occurs. The motion provides a combination of rolling

and sliding friction which can be varied by changing the relative speed of the

two rollers. Line contact is typical also of the Falex machine (d), in which

a bar io rotated between two hard V-shaped bearing blocks, which are pressed

against the bar with automatically increasing pressure. Wear occurs mainly

e.

Fig. 5.11. Principles of laboratory friction and wear test apparatus

72.

L
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on the softer shaft; total load and torque are measured. In the four-ball

machine (e), a 0.5 in. steel ball is rotated in contact with three similar but

stationary (clamped) balls; therefore, contact is reduced to points. Wear

and coefficient of friction can be measured and the test may be run at in-

creasing loads until the frictional heat welds the balls together. In the

"pendulum oiliness tester" a steel cylinder attached to a pendulum rubs

against four symmetrically arranged steel balls, and a coefficient of friction

is derived from the decay of pendulum movement [74]. In the basic form of

these bench tests, the purely Hertzian nature of the contact demands that

contacting members be made of hardened steel; contact pressures have been

given in graphical form by Carroll [75]. While tests based on point contact

are most suitable for the evaluation of boundary and E. P. lubricants and

wear, the others have found use also in studies of thin film and hydrodynamic

lubrication.

In most tests, one of the contacting members may be made of the work-

piece material, assuring that at least the right tool ard workpiece material

combination is used. Contact is essentially elastic, but the effect of con-

tinued running can be assessed and a lubricant breakdown point may be de-

termined by raising the contact stresses in a programmed fashion.

Apparent success has occasionally been reported in assessing the per-

formance of rolling lubricants on modified bench testers. One such method

has been described by Griffin [76]. From a consideration of the gradually

decreasing and finally zero relative movement between roil and strip in the

roll gap, a Shell four-ball tester was slowed down to 0.3 rpm, and the load

increased. For better agreement with rolling performance, it was also

found necessary to conduct the experiment at temperatures typical of mill

operation. The torque value measured during a 900-sec run was taken as a

film characteristic of the lubricant.

A simulating test (similar to the Timken test) involving elastic contact

between a steel roll and a flat block of the workpliece material (brass) was

described by Reynolds [13] for the laboratory evaluatioa of brass and copper

rolling emulsions. Reasonable agreement between wear scar and rolling

mill performance is claimed, although the examples given in the original

paper do not seem to support this contention. In general, it is difficult to

see how any of the bench type wear testers can be used to predict performance

in ouch a complex operation as rolling.
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5.28 Validity of Tests

The above survey shows the bewildering variety of small-secale and

simulating tests that have been proposed. The advantages and limitations of

some of them are obvious, but it should be useful to summarize here those

factors that increase the validity of results for practical deformation

processing.

Problems of Scaling-down

When the scale of a metalworking operation is reduced in order to make

it amenable to an attack on the laboratory scale, a number of factors are

changed, not all of which show a linear relationship. The principles of

scaling up have been discussed to some degree by Pawelski [77], but experi-

mental evidence to show the validity of any generalized scaling laws is almost

nonexistent. Experimentation in the laboratory is often carried into produc-

tion practice, but few examples of well-documented investigations are in the

open literature.

As a rule of thumb, it is advisable to scale the geometry of the process

linearly. In other words, if the diameter of the experimental rolling mill is

one-third that of the production unit, strip thickness should also be one third.

Although such scale-down appears permissible for cold working, it may be

completely useless for hot deformation processes. Smaller specimens lose

heat much more rapidly through the relatively larger surface area, and heat

balance between die and workpiece may become entirely atypical.

It is doubtfui whether slowing dcwn of the deformation process is per-

missible at all. The generation of squeeze films and of hydrodynamic (full

fluid) films is very much a function of relative velo,,'y between die and work-

piece. Similarly, heat generation in the workpiece and distribution of heat

between the die, the deformed and the undeformed portions of the workpiece

are also functions of time and, thereby, of velocity. In addition, the yield

stresor of most materials is highly strain-rate deperdent, especially in the

hot working range and, accordingly, interface pressures will very with

deformation velocities (strain rates). The shear stress of many lubricants,

particularly of soft solids, may be highly strain-rate sensitive too.

The surface topcgraphy c-f the workpiece and of the dies must remain

unchanged, because they play an important role in determining the thicknatss

of the lubricant film and the prevailing lubricating mechanism, neither of



290 JOHN A. SCHEY

which must be affected during scaling down. Similarly, new surfaces must

be generated at the same rate as in the full-scale process, so that the higher

reactivity of these virgin surfaces should come to play its proper role in

determining adhesion, pickup, and reactions with lubricants.

It is rather obvious that no changes in workpiece and die temperature

are permissible either. Ideally, the interface temperature should be kept

the same, because this will determine the activation or breakdown of chem-

ically active substances and the viscosity and viscosity gradients in thick

films.

Cooling uf workpiecas of too small masses usually limits the degree of

scale-down for hot-working operations. Heat losses during transfer from the

preheating furnace to the metalworking equipment cause substantial inac-

curacies. As the size of workpiece is decreased, contact times with the colder

dies should be reduced; however, this usually violates the rule of maintaining

similar deformation rates. Some of these difficulties are insuperable, and

account for the relative paucity of experiments under hot working conditions.

The situation is much more favorable in cold working, although care must

be taken that temperatures typical of the production operation are main-

tained. Bulk die temperatures of the order of 1500C are often obtained once

production conditions stabilize, and experiments performed with dies at

lower temperatures may be completely irrelevant.

Linear scale-down of the process geometry sometimes leads 1o im-

practicably thin specimens, and it may be necessary, for example, to use

greater sheet thicknesses in deep drawing operations. On scaling up to

production size, performance is not always matched, as shown by Siebel and

Kotthaus (78]. Frictional losses form a larger portion of the total draw

force in the full size operation; therefore, these authors have suggested that

the blankholder pressure should be increased in the cupping test; yet, in-

vestigations by Panknin and Eychrnuller [79] showed that this solution is not

satisfactory either. As the ratio of punch diameter to sheet thickness in-

creases, the maximum draw r-.tio decreases, and this Is not fully counter-

balanced by the increased blankholder pressure. The only explanation pos-

sible is that increasing blankholder pressure causes a decreasing friction

value, as proven by later experiments of Panknin and Reihle [55].

A further difficulty of scaling down is that many practical lubricants,

especially th je used in recirculating systems, may undergo changes
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affecting lubricant performance. Initial changes (break-in) may be rather
rapid, to be followed by gradual and usually undesirable aging. The simula-
tion of these processes is extremely difficult in the laboratory.

Transfer of Results from One Process to Another

pensive or demand too complicated equipment or measurement techniques

to present an attractive choice for all lubricant research. For this reason,

several attempts have been made to perform the majority of tests with a

simplified or cheaper deformation process and then to transfer the results

to the more expenaive production techniqui of interest.

Most frequently, correlation between wire drawing and rolling has been

attempted. Wira drawing may be carried out, even though at only low speeds,

even in a standard tensile testing machine. Johnson et al. [80] used wire
drawing for the evaluation of palm oft substitutes for the cold rolling of steel

and found that the lubricants selected on the basis of slow-speed drawing

tests performed well in production prartices. Similarly, Barnes and Cafcas

[81] reported good agrement between the mill power requirements of three

brass rolling emulsious and the drawing work measured in slow-speed wire

drawing with the same lubricants. In contrast, Williams and Brandt [82]

found no correlation between coefficient of friction data derived from rolling

and room-temperature wire drawing; when wire drawing was performed with

heated lubricants, the temperature of lubricant breakdown gave the same

order of merit as the overall performance in rolling. The suitability of wire

drawing experiments for the evaluation of rolling lubricants was critically

assessed by Lueg and Dahl [83]. Selected emulsions and dispersions, includ-

ing palm oil, were used in carefully controlled rolling and wire drawing

experiments; conditions for wire drawing were chosen to be identical to those

used by Johnson et al. [80] because of their reported success in simulation.

The order of merit in wire drawing was judged from the level and steadiness

of drawing forces; in rolling, the minimum obtainable gage in eight passes

was taken as an indicator of lubricant quality. There was no correlation be-

tween the two sets of results, and Lueg and Dahl came to the conclusion that

a wire drawing test is completely unsuitable for the simulation of rolling,

mainly because of the drastically different process conditions.
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Reviewing the conflicting evidence, one must suspect that the favorable

agreement found by some researchers may have been fortuitous and that

a universally valid proof of direct correlation has not been presented yet.

A selection process that is more severe than the full-scale process

might well serve as a preliminary screening test, although the danger of

eliminating useful lubricants cannot be overlooked. A more severe test is

apt to predict breakdown, but this may have nothing to do with overall per-

formance If production conditions are favorable enough.

Few published examples exist of a rigorous comparison of lubricant

performance in various deformation modes. In one instance, upsetting,

rolling, reverse extrus.on, and wire drawing were carried out (Fig. 5.12),

and correlation between the performances of a given lubricant was extremely

poor [84]. The difficulty of transferring results from a simulating test (the

ring compression test) to actual metalworking operations (rolling and draw-

ing) is also illustrated by some results of Male [85]. Agreement was good

with dry lubricants and with thick films but was rather poor when mixed

lubrication prevailed, indicating that differences in process conditions were

just as important as lubricant variations. If the great variability of inter-

face pressures, sliding velocities, temperatures, and deformation patterns

generated in different operations is taken into account, the lack of agreement

is not surprising. It would appear, at the present, that no direct transfer

of results from one metalworking operation to another is warranted. Only

when processing conditions (lubrication system, surface speeds, working

pressures, surface topography, and die-workpiece combinations) are matched

should transfer of results be considered at all. Otherwise, the results are

likely to be invalid, even for the same process.

Validity of Simulating Tests

In view of the difficulties expounded upon above, it Is not surprising that

the relevance of any simulating test Is always hotly debated [86]. There is

no doubt that simulating tests have a legitimate use for the exploratiour of

fundamental variables in friction, lubrication, and wear. Direct application

to metalworking operations, however, is always doubtfu! and is usually

successful orly if some further qualifying limitations are set. Thus, for

example, Vojnovic E', al. [87] found that an evaluation of steel rolling lubri-
cants on a modified four-ball (Roxanna) tester gave a correlation with rolling

performance only if saponLfitation value and free fatty acid content of the
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FIg. 5.12. Relative performance of selected lubricants in axial

upsetting, rolling, piercing, and drawing [64].

lubricant. was kept within certain limits. Obviously, this limited the com-

parison to fatty otis and derivatives.

The suitability of various bench-type boundary lubricant testers for

rolling lubricant evaluation was systematically and critically evaluated by

Saekl (reported by Frunke [b8J). Pain oil, rapeseed oil, and turbine oil wer-e

tested over a temperature range from 200 to 200 C in a four-ball tester and
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in two "pendulum oiliness testers." The actual values of friction were dif-

ferent even in the two models of pendulum testers, and both friction and wear

followed a different relationship with temperature in the th-re different bench

tests. The only common feature was that palm oil was the best, and turbine

oil the poorest. Subsequent rolling experiments on a production size 4-high )
mill proved palm oil to be the best lubricant; however, this in no wray means

that results from the bench test are directly transferable to rolling. For

example, palm oil gave a friction coefficient of 0. 11 on the pendulum oiliness

tester, 0. 05 on the four-ball tester, and 0. 015 in the rolling mill. In view

of the great variability of lubricant behaior with temperature, it is very

doubtful that bench tests would give sufficient distinction between lubricants

of less obviously differing performance. Results obtained with a twist-

compression test in the elastic range (Fig. 5. 10e) by Haverstraw [69] gave

only very moderate correlation with the performance of lubricants in the hot

extrusion of steels.

Best correlation is usually achieved when plastic deformation is not too

severe-as m, for example, sheet metalworking. Thus, Ebben [89] reported

on the evaluation of some twenty lubricants in the ironing test (Fig. 5. 8b) and

in actual ironing operations. Plant performance was rated on a scale from 0

to 10, with 0 being assigned to failure and 10 to the best, smoothest draw.

Correlation between laboratory ironing at 15% reduction and plant perfor-

mance was very satisfactory.

it would appear, therefore, that even though the case for simulating

tests is not hopeless, results should be transferred to actual practice only

with extreme caution. On the basis of available evidence, it would be dan-

gerous to assume the validity of any simulating test without corroborating

evidence from comparative experiments with the same lubricant under pro-

duction conditions or, at least, from a suitably scaled-down laboratory vari-

ant of the full-size metalworking technique.

Reporting of Friction Test Results

The foregoing discussion has amply demonstrated the need for a careful

selection of test techniques for friction measurements. Until such time that

universally acceptable tests are developed, a multitude of tests will be used.

It is important, though, that results be presented in a form suitable for sub-

sequent independent evaluation and, if possible, correlation with results
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obtained from other sources. The value of all work, whether basic or ap-

plied, would be greatly increased if some basic standards of reporting

ei-perimental variables were accepted, as suggested by DePierre [90]. Such

a description should include at least: (i) die and workpiece material (compo
sition, condition, hardness, dimension); (2) method of preparing die and

workpiece surfaces (chemical and mechanical, including coating); (3) surface

topography of die and workpiece; (4) heating of die and workpiece (method,

temperature, time, atmosphere); (5) lubrication system (lubricant composi-

tion, method of rreparation and application, thickness); (6) process

conditions: die geometry, amount of deformation, surface and/or deforma-

tion speeds, working pressures; (7) surface condition of dies and workpiece

after deformation.

The data will often have to be reported in the briefest possible form,

such as coefficient of friction values; nevertheless, the method of deriving

these data must always be clearly shown. Unless the original measured data

can be recalculated from the published friction values, it is certainly pref-

erable to present the measured data as well.

5.3 MEASUREMENT OF LUBRICANT FILM THICKNESS

Valuable information regarding the effective lubricating mechanism

may be obtained by measuring average or instantaneous film thicknesses

generated during the deformation.

If care is taken in the handling of the product emerging from the de-

forming die or rolls, an average lubricant film thickness can be determined

by simple solvent techniques, measuring the weight change of the s&mple

before and after degreasing. This method has been used successfully and

repeatedly for the determination of oil film thicknesses in strip rolling and

also for soap films in wire drawing.

Direct electrical measurement of oil film thickness during the deforma-

tion process itself is possible only if lubrication is predo:ninantly hydrody-

namic. In predominantly boundary contact, resistance is practically nil

because a number of metallic contacts in the deforming zone prcvide a direct

current path. As the thick iess of the mixed film increases, it could be

expected that the asperitieb lift off and the resist& .- between die and work-

piece increases. This has indeed been -lonfirmed by Ranger and Wistreicb

[91]. Film resistance measureme•., is facilitated by connecting a high fixed

resistance in series with the lubricant film (Fig. 5.13a); this keeps the
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V

A

a. b.

Fig. 5, 13. Plinciples of measuring lubricant film thickness by elec-

trical methods: (a) resistance, (b) electrical discharge.

current flowing through the film sensibly constant and makes the system more

sensitive to variations in film resistance, generally in the range of 0.1 to 3

ohms when drawing with a soap. Even though rapid variations indicate

periodic metallic contact, an estimate of film thicknesses may be derived

from the average voltage.

In principle, the discharge voltage method frequently used in investiga-

tions of elastohydrodynamic lubrication between gears and disks should also

be applicable. The circuit for such measurement is very simple. A heavy

current of the order of I to 5 amps is passed across the oil film causing an

arc discharge. The voltage necessary to maintain continuous discharge is

measured with a voltmeter connected across the oil film (Fig 5. 13b). The

discharge voltage is usually taken to be a linear function of oil fi!tm thickness.

However, Dyson [92] found by capacitance measurements carried 9ut under

identical sliding conditions that the linearity does not necessarily hoid. He

considered that the technique may be useful for relatively thick films (of the

order of 40i in. or thicker) and for high slide/roll ratios. These conditions

are attained in a number of metalworking operations, especially in wire

drawing and, to a somewhat limited extent, in rolling; the technique could be

useful, although no information relating to its application to metalworking

could be located.

Cptical interferometry (b-ctlon 5.62) can give detailed information on

oil film thickness variations in the contact zone, but at least one of the con-

tacting materials must be transparent. Therefore, the technique can serve

only for simulation.
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Radiotracer techniques are most useful. For exampie, Golden and Rowe

[93] measured the thickness of glass films by a radioactive glass added to the

glass pads and coatings used in extrusion. Radlotracer techniques relevant

to glasses have been described by Peyches [94]. Komura [95] incorporated

tracers into the phosphate coating preapplied to the workpiece surface. The

reaction of E. P. compounds with the surface of the die and workpiece may be

followed with labeled chlorine, phosphorus, or sulfur compounds.

5.4 MEASUREMENT OF DEFORMATION PATTERNS

The effect of friction mn deformation patterns within the deforming body

can be traced In several %ays.

Macroscopic nhanges are best followed by the grid line technique, but

microscopic changes that affect recrystallization on -ubsequent annealing or

changes in material properties from the surface to &,he inside of the work-

piece can be more readily revealed through microscopic observations of the

structure. The problem is often how to prepare the specimens without de-

stroying the edges. This difficulty is readily overcome by depositing-for

example, by electrodeposition-a layer of material of similar hzrdness so

that the edge is fully p~rotected. The severe shear deformation occurring on

surfaces worked without a lubricant is readily discerned, whereae mostly

uniform deformation is normally visible in specimens deformed with lubri-

cated dies, and shear is limited to the interface. The difference in deforma-

tion may also be confirmed by microhardness measuremeats.

Deformation patterns in bulk deformation processes may be traced in a

number of ways. Thus, the workpiece may be composed of different ma-

terials that either contrast in color or may be etched to show up the deforma-

tion of individual elements. Such techniques have been frequently used for

rolling, forging, and extrusion investigations. Pins of a differ-nt material

may also be driven into strategic positions, and their deformation reveRled

by sectioning or by radiography. Grid lines etched, cut, or printed on

planes of symmetry have, however, become the most popular techniques.

They have been Pvplied to rolling slabs in the horizontal ab well as vertical

plane of symmet-v, and to axially symmetrical forging, extrusion, and draw-

ing in the plane passing through the axis. Normally, it ir necessary to

machine two cylindrical specimens so that when the two remaining halves are

matched they form a perfectly circular cross sectioc., The grid needs to be

marked on only one of the contacting surfaces.
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The lines may be produced by a scriber, by accurately controlled tools

on a millin machine or shaper, or by printing. More recently, etching

techniques have come to be extonsively used. In the photo-etch technique,

the wcrkplece is coated with a light-sensitive emulsion, covered with the mask

(positive) , aring the desired grid lines and exposed. On developing the light-

sensitive layer, places shaded from light are left unprotected and can be

etched in a suitable solution.

Electrochemical techniques use a stencil that bears the outlines of the

grid [96, 97]. The stencil is placed on the metal surface, which is then sub-

merged in an electrolyte specific to the material to be etched, and alternating

•jr direct current is applied for a few seconds. With alternating current,

metal is etched from the nurface in one half-cycle and the resulting cavI ties

are filled in the second half-cycle by the deposition of the base metal oxide,
in the form of a black coherent complex which contrasts sharply with the

original metal surface. With direct current, a permanent impression of a

depth of 0.001 in. is produced, which may then be pigmented to high-light

contrast. The d-c technique is applicable to all metals, the a-c technique

to all common ferrous and nonferrous metals with the exception of aluminum.

Current is typically supplied at 25 volts and 100-200 amps. Lines can be

very fine, allowing resolutions of 100 lines to the inch or producing grid

cii cles of 0.050 in. diameter. The stencils may be reused.

It is often desirable that surface deformations be followed in similar

detail. Scratched or machined lines act as lubricant pockets and could inter-

fore with the lubricatirg mech wsniium and thus with the basic deformation mode;

therefore, techniques that produce hlues of minimum depth are preferable.

5.5 MEASUREMENT OF WEAR

It has been repeatedly emphasized that wear may be more important than

friction itself in metalworking. Nevertheless, inioriat.on concerning wear

is rather scarce, at least in the published literature.

The wear of a die is most readily assessed. Many plants keep records

to show the quantity (tonnage, number of pieces) produced with any given set

of work rolls, drawing, forging, or extrusion dies, or sheet metalworking

tooling before regrinding or refinishing of the surface is necessary, and

before the die has to be discarded or finished to the next larger size because

the dimensions of the product would no longer fall within the tolerance

limits.
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More detailed measurements of die dimensions themselves are needed

if the course of wear is to be followed in any detail. Since such measure-

ments call for greater effort and may also dLrupt production, most data

relating to localized die wear are the result of special investigations. Usual

engineering measurement techniques are sufficient for rolls and larger dies,

but special mechanical &..d optical devices have been developed for inspect-

ing and measuring changes in the su an"' dimension of wire drawing dies

[98-101]. In the absence of such In~trumenation, the profile and exact

dimension of draw dies and Zorging dies may be more readily followed on

replicas, cast of lead or, more frequently, of an acrylic resin. For worn

profiles, rubberlike dental compounds are useful [102].

One of the most powerful tools for measuring wear of either the work-

piece or the die material utilizes radioactive tracer techniques. A radioiso-

tope may be incorporated in the die or workpiece material, either during the

preparation (melting, powder metallurgical compaction, etc.) of the metal,

or the product may be exposed to radiation for activating some of the ele-

ments. Transfer of radioactive material onto the nonradioactive contacting

surface may then be followed either by autoradiography or by counting tech-

niques. Details of these processes may be found in some excellent mono-

graphs (Kohl, Zentner and lukens [103]; Cook and Rabinowicz [104]). It

should suffice to say here that practical limitations usually arise from the

strict safety precautions that must be followed in handling radioactive ma-

terials.

The total permissible activity often limits the size of the die or work-

piece material that may be handled without expensive precautionary measures.

When the experiment is to take place on larger size metalworking equipment,

isotopes of reasonably short half-life are preferable because they will become

harmless even if contamination is not fully detected and immediately re-

moved. Too short half-life could, however, curtail the experiment. Total

activity may be reduced by choosing materials that contain only a minute

amount of active elements. The total activity of large workpieces may be

further dimbiIshed if the bulk of the workpiece is nonradioactive, and the ma-

terial containing the radioisotope is applied as a cladding to the nonradioactive

boc~v L005]. A minimum total activity is, nevertheless, needed to assure

sensitivity of detection.

The wear of drawing dies has often been followed by activating the die

material; the position of wear particles on the drawn product is then readily
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detected by autoradiography. Visual examination can be misleading, and

densitometer readings are advisable. Golden and Rowe [106] have warned

that great care must be exercised in preparing the experiment and interpret-

ing the results, and they also recommend alternative means of examinati(on,

such as electron microscopy, for an unequivocal interpretation.

Radiotracer techniques have been more frequently uqed in general fric-

tion and lubrication research; however, the same techniques could be applied

profitably to metalworking. Metal transfer has been studied, among others,

by Bowden and Tabor [107]. Average wear may be followed by activating one

of the contacting metal surfaces and measuring the accumulation of radio-

active debris in the lubricant.

Localized wear or pickup is often clearly visible, particularly when a

color contrast exists (e.g., coppez on steel). The scanning electron micro-

scope, further discussed in the following section, offers often dramatic views

of damaged surfaces, as shown by Johnson [108] for the abrasion of aluminum

surfaces.

Other techniques [109], used in general wear investigations, could serve

equally well for research on deformation processes. In particular, X-ray

and electron diffraction, spectrography, and the electron microprobe analyz-

er may be drawn upon for identifying pickup and wear debris.

5.6 SURFACE FINISH AND SURFACE PREPARATION

The shape, size, and distribution of irregularities on both the die and

workpiece surface are of particular importance in friction and lubrication

because they determine the extent and nature of contact between the two bodies

and profoundly influence the lubricating mechanism. For this reason, the

surface topography is and has been a subject of fundamental importance.

Various techniques have been devised to measure and record surface fea-

tures, most of which amplify the height of asperities so as to make their

shape more readily discernible to the eye. The abundance of such surface

profile traces in the literature has led to the misleading impression that

asperities are usually sharp peaks.

In a review of the subject, Williamson [iio] points out that asperities

are typically from 10 to 300p in. high, and spaced frm 50 to 3000 pun. apart,

The slopes usually lie between 50 and 100, although occasionally steeper

slopes up to 25" are encountered. The summits are seldom peaked, but are

more likely to have a large radius typically of 400 to 800p in. Large, worn

L
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plateaus are likely on worked surfaces. On many surfaces, the heights of

asperities follow a Gaussian distribution. Therefore, contact is likely to

occur first over only a very small number of points, and the detailed topo-

graphy of the surface would have to be known if a complete understanding of

lubricant breakdown at critical points and the shape of trapped films between

the two contacting surfaces were to be considered in detail. Such knowledge

is very limited, especially for conditions of sliding contact under high

interface pressures. As a minimum, an approximate description of the sur-

face characteristics is essential for the interpretation of frictional and lubri-

cant phenomena. In the following, a brief survey of inspection and measure-

ment techniques will be given.

5.61 Surface Roughness Measurement

Commercially available instruments offer the quickest way of obtaining

a suitably magnified surface profile [110, 111]. A fine-pointed diamond

stylus is drawn slowly across the surface, and its up-and-down motion is

converted into electrical signals, which may then be used, after suitable

amplification, to obtain a direct recording of the surface irregularities.

The accuracy of the trace is ultimately a fumction of the stylus radius (typic-
ally, 500 • in. in industrial instruments, down to 45 1 in high-resolution

instruments). If loads are light enough, plowing of the surface will be mini-

mized and repeated traverses may be taken on the same line.

A direct observation of surface irregularities may be made with an

optical microscope. Amplification of asperity height is again desirable and

may be achieved by preparing a tapered section. Surface features are pre-

served by first electroplating the specimen ..Ah a thick film of nickel (Moore

[112]) or even with solder (Wright and Scott [113]), and a cross-section is

then carefully polished At an angle to the original surface. A magnification

of at leai'l 10 times is readily obtained.

A profilometer trace, or a photograph of a tapered microsection, pre-

sents a good general indication of surface topography. In fact, t1though it

is not generally recognized, profilometry provides exact data on, the general

distribution of asperities, because each traverse or tapered section has the

same information as any number of parallel tracks or sections [110], even

though the die as well as workpiece surfaces frequently show marked d!i~ec-

tionality resulting from a machining or grinding operation. It is usually
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desirable, however, to measure two--profiles, one in the direction of the

machine tool traverse and the other approximately perpendicular to it.

The traces may be used to derive quantitative measures of surface

roughness (Fig. 5.14). The maximum peak-to-valley height is the only

relevant figure when an estimate Is required of the depth that needs to be

removed for producing a fine finish. In moot friction and lubrication prob-

lems, some average value may be more useful. The average peak-to-valley

height is expressed in microinches and gives the vertical distance between

the average elevation of peaks and the average depression of valleys. More

frequently, roughness is expressed as an aver.age devliation from a mean

surface. The mean surface Is taken to cut off the asperities at such a level

that the volume removed would fill in the valleys. The arithmetical average
of a large set of height measurements from this mean surface leads to the

value described as arithmetical average (AA) cr-in Britain-centerline

average (CLA), with dimensions in microinches or microns. By squaring

each value and taking the square root of the average square, the root mean

square (rms) value Is arrived at. The difference between the two methods of

calculation is usually small, and seldom exceeds 10%, which is negligible for

all practical purposes.

The above averages could, in principle, be arrived at from calculations

based on direct measurements of surface roughness traces, or they may be

obtained directly through suitable electronic circuits. For research pur-

poses, numerical analysis and processing in a computer are valuable [110].
A aumber of industrial profflomete'- dispense with recording altogether and

indicate AA or RMS values directly; although such instruments are suitable

for controlling the consistency of any one surface finishing process, their

/ ERAGE PEAK-TO-WALLEY HEIGHT
ýPEAKUT"O-%OLLEY HEIGHT

Z/r ......

bN

M MS DEVIATIONd FROM THE MEAN

Fig. 5.14. Terminology used in deacribing surface roughness (vertical

magnification greater than horizontal magnification).
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value for friction and lubrication studies is greatly limited because detailed

information on surface topography is lost. Average roughness can be partic-

ularly misleading If the surface is composed of a large number of uniformly

small imperfections interrupted by some exceptionally large ones. Such

large imperfections can determine service performance (e.g., initiate

pickup).

The above averages are widely used, but other numerical characteris-

tics such as the number of peaks per unit distance, bearing area, and volume

of trapped valleys may be more relevant for particular applications and may

be derived from profllometer traces.

A tapered section, although much more costly to prepare, often yields

information that is invisible on a stylus trace. Sharp, Jagged edges are

revealed (and also exaggerated) by a taper section, while the corresponding

stylus trace is rounded because of the arc-like motion of the stylus of finite

radius over a point-like peak and its inability to reach the deepest or par-

tially obstructed portions of troughs (Fig. 5.15).

5.62 Optical Microscopy

A metallographic microscope with its vertical illumination yields only

limited information on surface topography. Nevertheless, it has been used

for the identification of lubricating mechanisms from evidence of rolled

and drawn surfaces ant, coupled with auxiliary techniques, it can be a

15A

b

Fig. 5.15. Comparison of surface features (a) recorded by stylus in-

strument and (b) revealed by taper section [114].

L
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power:l1 tool in controlling lubricating processes. Stereo microscopes are

especially useful for a rapid assessment of surface features.

The usefulness of the optical microscope may be greatly increased by

choosing the proper mode of illumination, as reviewed by Scott [114].
Dark-field and, especially, oblique illumination gives some three-dimension-

ality to the observed image; dark-field illumination shows clearly, against a

dark background, irregularities-in particular, scratches-that cause a dif-

fraction of light. Phaae contrast, available on many modern microscopes,

reveals details not visible under normal illumination. Polarized light may

be useful in specific instances (e. g., when there are inclusions of copper oxide

on a surface).

Quantitative analysis of surface topography is possible by interferometry.

A monochromatic beam of light is split, and the images formed by the light
waves reflected from"Mil surface of the specimen and from an optically flat

reference surface are superimposed. All waves reflected from loci of equal

height have the same phase relation to the Lght reflected from the reference

surface: when in phase they appear bright, when out of phase they annul each

other. The resulting bright and dark fringes thus represent contour lines,

adjacent fringes corresponding to a level difference equal to half the wave-

length of the light used. As an example, Fig. 5.16 shows a trace produced

by traversal of a hemispherical slider over an electrclytically polished

aluminum surface characterized by a large number of randomly distributed

asperities. In contrast, a -nechanically polished jurface is quite smooth, as

shown by the even and parallel spacing of interference fringes; the heavy

distortion due to the passage of the slider is clcarly visible. Sometimes,

white light is used with advantage to form interference fringes in color.

5.63 Electron Microscop,

The resolution of the opticpl microscope is often insufficient to reveal

minute yet important details of friction and wear processes. The electron

microscope has proven a powerful tool in such studies. Until relatively

recently, direct surface exam!inatlon was limited to small specimens and

most work was carried out on replicas. Various techniques have been

surveyed by Scott and Scott [( 15]. Negative (single-stage) replicas may be

difficult to interpret, even if they are shadowed for heightening contrast.

Interpretation is somewhat facilitated by a reverse printing of the photo-

£'raphs. Even positive replicas, made by a two-stage technique, may pose
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II

Fig. 5.16. Friction traces across aluminum surfac'q polished (a)
electrolytically and (b) mechanically (x65) [1141.
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difficulties in interpretation, and latex particles normally used for magnifica-

tion checks and calibration may be incorporated to determine the direction
,• of shadowing. Since replicas also pick up wear debris, they have been found

extremely useful in wear studies [116].

With the appearance of the scanning electroz microscope, direct examina-

tion of surfaces has become more practicable, and this tool will no doubt

become one of the mainstays of friction and wear studies. The great depth of

focus combined with adequate resolution (of the order of 150 A) creates a

three-dimensional effect urobtainable by any other means, and eliminates the

need for replication of the surfaces. An example is shown in Fig. 5.17, in

which an optical micrograph and a scanning electron microscope Image of the

same rolled surface is compdred [117]. Experiments with large pieces are

simplified if inserts are placed in the die or workpiece, and removed for

examination after deformation; this technique also avoids heat generation

during cutting.

5.64 Preparation of Replicas

It is often inconvenient and sometimes impossible to obtain a stylus

trace or to perform a microscopic examination of the surfaces in situ. A

number of techniques are now available that allow the preparation of repli-

cas of surfaces; these replicas may then be examined by any convenient

means. Plastic replicas may be prepared in a range of hardnesses, making

them suitable for either microscopic or stylus instrument examination.

The technique described by Pearson and Hopkins [118] uses a liquid

mixture of a monomeric and polymeric methyl methacrylate. A representa-

tive area of the surface is surrounded by a plasticine dam, and the mixture

Is poured onto the metal surface, where it flows into the smallest irregular-

ities without entrapping air. After irradiation with ultreviolet light, the

polymerized solid replica may be removed. Tributyl citrate is uaed as a

stripping agent. The strength of the replica may be increased by backing it

up with an unplasticized transparent Plexiglas sheet, which adheres firmly

to the replica.

More recently, a number of self-curing resins have become available.

Origir.ally developed for dental work, they reproduce surfaces faithfully.

They are simply prepared as a liquid from a resin and a hardener and re-

quire no ultraviolet irradiation. Thin, but equally faithful replicas may be
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obtained by pressing a softened, thin, cellulose acetate sheet onto the sur-

face. Sheet of 0. 05 in. thickness and moistened with acetone. has been found

,. .. • -a,

_-7

-. r

SF 7-b-

(b•

Fig. 5. 17. Comparison of rolled aluminum strip surface observed

with (a) optical microscope (xlO0) and (b) scanning elec-tron microscope

(x]O00) [117'.
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satisfactory (119]. There are also proprietary brands of plastic sheets

available for the purpose.

Thin replicas may be viewed in transmitted or reflected light, or a

highly reflecting surface may be produced by vacuum coating the replicas with

a thin film of aluminum or chromium. In this form, interferometry may

also be applied.

5.65 Visual Inspection

While the above techniques offer quantitative or semiquantitative methods

of analyzing surface topography, the human eye is the most critical judge of

surface finish. Minor variations in reflectivity make surface defects or

other surface features visible even when they are undetectable by instru-

mental techniques. The drawback of visual insvection is that it it highly

dependent on the nature, direction, and intensity of the incident light and

subjective elements always enter judgment. Visual inspection is, never-

theless, the most widely practiced method of assessing surface quality

during the actual deformation process at present; optical methods, reviewed

by 7teynolds (120], could be used for detecting at least the macroscopic

changes In surface appearance but have found only limited application in

deformation processing.

The luster or reflectivity of finished products, especially that of rolled

sheet, ia extensively checked with commercially available or specially built

devices. Reflectivity of aluminum surfaces and the ratio of total to zpecular

reflectivity is often measured by the Guild photometer [121]. Examples of

recent developments in surface texture measurement will be found in Section

6.27.

Special i built devices (endoseopes) find widespread use for the visual

examination of the internal surfaces of hollow parts, tubes, and dies.

Closed ciretift television has solved problems of Inspecting inacceosible,

hot or dangerous areas and-by arresting the Image on a peraisttmt screen-

it also offers a means of inspecting the surface of moving workpieces at any

selected point.

5.66 Surface Preparation

All efforts at generating relevant Information may be rendered futile if

the qcuality of contacting surfaces is uncontrolled. In the preparation of dho
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and workptece surface for experimental purposes, two philosophies are

usually followed.

If the experiments are designed to evaluate practical lubricants or the

effects of process variables, or are otherwise practic.mly oriented, the main

criterion is that of reproducibility. fies are given a preparation typical of

good work practices. Thus, all lubricant residues are removed and the

surface Is reconditioned to a pra.,ticable, acceptable roughness. This may

cover a wide rauge from a ground or shot-blasted surface of 40-180p in. AA

roughness (for some rolling operations and for draw dies for thick sheet) to

a mirror finish of sometimes better than 2 pIn. AA roughness (for bright

finished rolls, draw dies, and cold extrusion dies). It is important that the

direction of the surface finish be in the right relation to the- material move-

ment, otherwise the relevance of the test may be lost.

If oily residues are to be removed, only nonpolar liquids such as miner,-1

spirits, methaiol, or benzene should be used. Organic solvents such as

trichlorethylene and alcohols have polar properties, and adsorbed filras of

sometimes substantial lubricating ability may be left behind. Rubbing of

the surfaces with a cloth immersed in the solvent only helps to build up these

boundary and E. P. films. Moisture adsorbed from the air is also an excel-

lent lubricant for some materials. Since most production dies heat to tem-

peratures in excess of 1000C even in cold working operations, no experiment

should really be conducted with dies at room temperature. If the dies are

heated to 120 -150 C from the beginning, "io ,ill be found for a "break-

in" period.

During experimentation, a close check must be kept on the condition of

the dies. Very minor scoring of a polished die may sufficiently interfere with

lubrication to raise the coefficient of friction and may render futile even the

simplest attempts at ranking lubricants. Removal of die pickup and recondi-

tioning of the surface is never an easy matter. Some materials, such as

aluminum, may be etched off the steel surface with a caustic solution, but

othars can be r-moved only by mechanical means. In the process the sur-

face is likely to be changed and, in many instances, the only acceptable

solution is a complete rcdressiLg of thp surface.

Much the same considerations apply to the workpiece material: some

technique must be found which assures reproducibility of surface quality.

If the test pieces are machined, surface finish must be strictly controlled,



310 JOHN A. SCHEY

becnuse slight changes in surface :pography may cause a marked change in

the lubricant quantity trapped and transported into the die-workplece inter-

face. Although very clean surfaces may possibly be produced for fundamental

work [122], there is no such thing as a clean workplece surface for practic-

ally oriented research; as a minimum, however, the surface must be of a

consistent quality. Annealed surfaces carry an oxide fEIm and are best left

alone; if the oxide must be removed by some suitable pickling technique, this

should be followed with a cold and hot water rtnme and rapid drying in blown

air. The water for the finsal -inse must be of constant quality and, preferably,

deionized, because dgposits M.e to water hardness may inadvertently provide

lubricant carriers. Prior deformation processing leaves residues that re-

sist iemoval oy conventioval solvent cleaning techniques [123]. If they aie

unlikely to interfere with the lubricants used in the experimental work, re-

Tnoval of the excess with a nonpolar solvent may suffice. If, however, the

lubricant resldues cocld mask !ue effect of lubricants in the actual test, more

pc-werful methods are needed. Alkaline degreasing followed by a water rinse

and drying may be adequate for less critical purposes, or a thin layer of the

workpiece material may have to be removed electrolytically, or by some

chemical etching (pickling) process. It is imper&tive, though, that no polar

solvents be used for a final rinse, because they wil again leave & 'ubricating

residue. Drepared specimens should rot be touched by hand.

Hot working experiments need similar careful preparation, especially

if prel ng temperatures are only of ttc order of 400' -500'C. Lubricant

residues may oxidize, pJymerize, and form tenacious films. At higher

temperatures, the resiaues may influence the course of oxidation. Heating

practices themselves may introduce an often undetected variable. Oxidation

in a small experimental furnace may be substantially different from that

occurring in practice, and careful colW. 3l of heating rates, holding times,

and furnace atmospheres is necessary if relevant results are to be obtained.

The same precautions apply, but much more rigorously, to experiments

conducted within the framework of fundamental studies. All steps of prep-

aration and handling become critical. In geineral, it is desirable that pre-

pared workpieces be handled only with tongs or gloved hands and that the

experiments be conducted in rooms of suitably coutrolled temperature and

humidity. Storage of workpieces and dies after preparation for uncontrolled

periods of time is usually a source of random variations in results.
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"While mechanical preparation is often undesirable for practically

oriented experiments because the resulting surface may be different from

that normally encountered In production practice, grinding has often given

satisfactory, well reproducible surfaces for basic experiments. Usually,

the specimen is abraded on silicon carbide papers with standard metallo-

graphic techniques. Menter and Tabor [124] abraded under water and fol-

lowed up with alumina-alcohol polishing, electrolytic degreasing, and a water

rinse; it is conceivable that the alcohol left a boundary film behind. Golden

and Rowe [106, 109] abraded under a floo,, of methanol or benzene, and re-
moved the residual surface film by a chemical etch. For copper, a con-

tinuous flood of a 1:1 solution of concentrated HC1 in distilled water for 30

sec, followed by a distilled water rinse gave reproducible results. The

mechanical aspect of surface preparation is iinportxnt, too: scratches trap

lubricants and may lead to erroneous restlts. Sandblasting or lapping pro-

bably assures the best reproducibility.

It would appear that many of tbese precautions have not been observed in

a great many experiments conducted in the past. This would make many of

the results suspect. Fortunately, some obvious weaknesses of practice are

readily identified and can be taken into consideration when evaluating the

results. Furthermore, much of the past and present work has sought to

establish orders of merit, which are not affected by minor variations in sur-

face preparation practices, provided that the lubricants investigated are

powerful. Nevertheless, the value of research into metalworking lubrication

would be greatly enhanced if some general guidelines in regard to suriace

preparation were developed and adhered to.

5. " MEASUREMENT OF TEMPERATURE

The average and local interface temperature prevailing during deforma-

tion is significant because it affects lubricant viscosity, reaction rates, and

breakdown of lubricants and gives an indication of the frictional conditions

prevailing in the zone of contact.

Chapter 2 has demonstrated how frictional energy raises the surface

temperature of the deforming metal. The surface can become much warmer

than the bulk of the metal in cold deformation processing. In hot working,

the die temperature is often well below that of the workpiece. The interface

temperature is not likely to reach that of the workpiece (otherwise die
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materials would be destroyed in most metalworking operations), and ft is

probably above 'he mean of die and workpiece temperatures. Even though

the importance of knowing the interface tempgrature is well recognized, no

generally applicable measurement te,.inique has been developed yet.

5. 71 Calorimetry

For any metalworking operation, the total heat generated is a measure

of luLricant efficiency, provided that all other process variables are kept

courstant. This principle permits the use of calorimetric measurements for

judging frictional phenomena.

Rosenhain and Stott [125] measured the temperature increase of an oil

bath through which the drawn aluminum or copper wire was led immediately

upon leaving the draw die. This technique is valid only if the oil bath tem-

perature is equal to that of the wire temperature; however, this can be true

only if heat insulation of the bath is perfect and if the wire is run long enough

to establish thermal equilibrium. Eichinger and Lueg [126] measured the

temperature of the drawn wire with an iron-Constantan thermocouple while

the heat content of the thermally isolated draw die was measured by calor-

imetric methods. The technique -Red by Lewis and Godfrey [127] represents 4

considerable refinement. On emerging from the draw die, the wire runs

through a copper tube that is heated externally with a wire heater. The tem-

perature of the tube is varied until heat exchange between the drawn wire and

the heated tube ceases. At this point, the temperature is read from a thermo-

couple embedded in the copper tube. The accuracy of this measurement is

no doubt satisfactory, but long lengths of wires must be drawn to establish

equilibrium.

5.72 Thermocouples

Fast-responding thermocouples could be used for the direct measurement

of the exit temperature of wire; however, sliding between the thermccouple

and the wire could induce rubbing and thus give erroneous temperature in-

dications. This difficulty is overcome by the rider constructed by Zastera

[128]. The thermocouple hot junction is housed in a saddle to insulate from

heat anu electricity; the saddle itself is pressed against the wire, and the

radiating heat from the wire is recorded by the thermocouple.
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Belanslk and Peck [129] were successful in measuring the surface tem-

perature of hot rolling mill rolls with two wire brushes (one iron, the other

Constantan) pressed against the roll surface. It would appear that calibration

against a rotating, heated disk eliminated friction as a disturbing factor.

Two rollers of different material are pressed against the drawn wire which

completes the circuit in the "Addison" temperature meter, described by

Sturgeon [1301. This was found to give reliable readings provided that the

pressure was high enuugh to prevent skidding of the rollers and that thick

lubricant films were removed with suitable felt wipers before the wire

reached the rollers of the instrument.

In some processes, such as extrusion, it is possible to measure the

temperature of the deforming body by thermocouples embedded in the work-

piece [131]. While such techniques are reliable for following temperature

changes in the bulk of the specimen, the hot junction must always be at a

finite distance from the actual interface and, therefore, measures only sub-

surface temperatures. Moreover, the .nermocuples will take only a limited

strain before breaking.

The two thermocouple wires may also be embedded in the die, close

together, in two holes perpendicular to the surfac3, so that the contacting

workpiece surface creates the hot junction. Any lubricant films interposed

will invalidate such measurements. Such surface thermocouples have been

used, apparently successfully, under dry friction conditions.

r.equently, especially in hot working operations, only the free surfaces

of the specimen may be observed. Thus, the exit temperature of an ex-

trusion may be taken as indic~aive of the heat balance existing between initial

heat input, heat of deformation, heat cf friction, losses to the dies and, by

radiation, to the surrounding atmosphere.

Direct thermocouple measurement is usually impractical, altl.ough a

technique of driving thermocouples into the surface of large workpieces by

gun action has been developed [132].

Spot checks of surface temperature may also be made with prod-type

thermocouples; in these, pointed, rigid thermocouple leads protrude and

establish contact when stabbed onto the hot surface. If the oxide film is

penetrated, a true surface temperature is measured.

, I
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5.73 Dynamic Thermocouple V

A ralher attractive method of temperature measurement utilizes the die

and the workpiece as the two elements of a thermocouple and is thus, in

principle, suitable for Instantaneous measurement and recording of interfacei

temperatures. This technique was apparently first used some forty years ago

for measuring temperatures in metal cutting. Reichel [133] applied it to

thread rolling, while Thompson and Dyson [134] introduced the technique for

wire drawing. It was later used by a number of investigators; a typical

experimental arrangement, due to Lueg (135] is shown in FIg. 5.18. The

carbide die insert A, isolated by the disk D from the die support E, forms

one arm of the thermocouple, whereas the drawn wire wound onto the drum

H forms the other. A lead, attached at F1 to the end of the wire, connects to

a mercury-wetted conýct J attached to the sht.ft of the drum H. From this,

the emf generated in the die throat is recorded on a fast-responding optical

recorder V. In the course of the experiment, the distance between the cold

junction F1 and the die throat increases; however, according to Ranger and

Wistreich [91] this does not impair the accuracy of the measurement. It is

recognized, of course, that the recorded voltage is a low average of the enf

generated by a number of thermocouples formed at asperities making metal-

lic contact with the dies. The high-temperature spots are short-circuited by

the low-temperature juncticns and the average is pulled down; but this should

in no way impair the validity of comparative measurements.

Reichel [133] proposed that a more localized temperature may be meas-

ured if the die is made up of two disks of different compositions. At the

•2 D

Fig. 5.18. Principle of dynamic thermocouple used in wire drawing

experiments [136].
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plane of contact, the drawn material forms a conducting bridge between the

two thermocouple elements, and thus the temperature at a selected point of

the draw cone may be obtained. Reichel also suggested that instead of two

die halves, two dies may be used in tandem, with the drawn wire between

therm forming the electric contact.

The temperature recorded by the dynamic thermocouple could be in-

fluenced, of course, by interface films. However, Ranger and Wistreich [91]

found that soap films had no effect in wire drawing. Similarly, Lueg and

Treptow [136] found that a sufficient number of metallic junctions existed (at

least In a static calibration test) to allow the formation of couples. Of

course, as soon as fully hydrodynamic lubrication is achieved, such a re-

lationship breaks down.

The basic problem with all dynamic thermocoupies is that of calibration.

It may be accomplished by immersing the die and a short piece of partly

drawn wire into lubricant baths held at varying temperatures. Alternatively,

a hollow wire may be part-drawn and internally heated by nome means. All

of these procedures assume that lubrication in static calibration and during

dynamic drawing conditions is similar enough not to affect the validity of

calibration.

A critical evaluation by Lueg and Treptow [136] of the various tempera-

ture-measuring systems led them to conclude that the dynamic thermocouple

is the most suitable for sensing repid variations due to frictional conditions.

The die composed of two disks wa.s considered to offer advantages if various

materials are to be drawn, since the thermoelectric force is governed by the

choice of the two die components. In contrast, the output of the dynamic

thermocouple is a function of the die-workpiece material combination. A

comparison of the dynamic and of embedded thermocouples was given by

Furey [137].

5.74 Surface Temperatures

Crayons, lacquers, and inks that change their color or change from a

solid to a liquid could offer a simple way of measuring surface temperature.

Unfortunately, they must be applied after the workpiece leaves the die, and

begins to cool. Since the phase or color change is a function of time as

well as of temperature, these methods can claim only very approximate

accuracy and their usefulness is doubtful even for c )mparative purposes
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unless their application and the cooling rate of the workpilce can be strictly
controlled, or if they are used to measure die temperatures.

The maximum temperature a material was subjected to during deforma-

tion may be judged from the structure if the material undergoes a phase

change or transformation of exactly known temperature, such as the marten-

sitic transformation in steel [138]. The underlying assumption-that the

temperature of the phase transformation is not affected by simultaneous

deformation-is not proven and measurements of this kind can be only ap-

proximate.

Measurement of the surface temperature by some optical means is more

practicable (see, for example, Cook and Rabinowicz [104]). Of the available

pyrometers, those measuring total radiation or brightness are susceptible to

large errors because of variations in surface emissivity. The two-color

pyrometer offers substantial improvement, since measurement at two tem-

peratures introduces the ratio of two emissivity values. Therefore, the

indicated temperature is dependent only on the slope of the emissivity vs.

wavelength curve. Comparative experiments by Burk [139] showed the two-

color pyrometers suitable for measurements on rolling mills for steel and

stainless steel, even though poesible interference from ambient lighting,

flames, or loose scale must be considered. An overall improvement

is assured if the product is enclosed. Difficulties increase when emis-

sivity is very low and temperatures are relatively low, too. Such is the case

in the deformation processing of aluminum and its alloys. Infrared radiation

pyrometerswith lead sulfide [140], silicon [141], lead selenide, or similar

detectors have been used and, if calibrated against a surface of known tem-

perature, give high accuracy. The reproducibility of the surface condition

is the only limiting factor.

.Radiant heat could also be registered upon infrared-sensitive photo-

graphic plates and compared with workpi.3ce surfaces held at a known and

controlled temperature, as was done by Boothroyd [142] in a study of tem-

peratures during orthogonal metal cutting. The infrared television camera

could serve a similar purpose. No record of using this technique for plastic

deformation processes was found.
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5.8 STAINING PROPENSITY ANTD CORROSION

Most lubricants leave a residue on the surface of the deformed material.

Sometimes there is no other choice but complete removal, as ib the case with

glass used in the hot extrusion of steel and other materials. In most in-

stances, however, lubricant residues are left on the surface partly out of

necessity and partly for economic reasons, if such residues are exposed to

heat-for example, in subsequent annealing-organic residues may oxidize,

polymerize and, especially if the vapors are retained, form a highly viscous

or even solid, dark colored ("brown") stain. Brown stains are sometimes

soluble in organic solvents or may burn off at higher temperatures. The

lubricant or its residues may also interact with the metal surface and form

unsightly reaction products, or corrode the metal surface itself ("White

stain"). Similarly, corrosion may occur on holding the deformed workpiece

at ambient temperatures for a prolonged time, especially with aqueous lubri-

cant residues. In some materials, residual carbon may lead to embrittlement.

There are no strictly quantitative tests available for measuring the

staining and corrosion propensity of lubricants. A number of simulating tests

have been reported in the literature, indicating that no fully accepted, gen-

erally valid test has been developed yet. Staining is of particular concern

on rolled products which tend to show up discoloration more clearly because

contrasts on the large flat surfaces are readily discernible. For this rea-

son, most tests were developed for rolling lubricant applications. There is,

however, no reason why the same test should not be applied for all metal-

working lubricants. For convenience, tests will be described in groups ac-

cording to the workpiece material.

The largest number of tests refer to aluminum rolling lubricants, be-

cause the high reflectivity of this material and the low annealing tempera-

tures make the staining problem particularly severe. All tests agree that a

smal.. measured quantity of lubricant is placed on a standardized sheet sur-

face; differences arise from the shape of the sheet suirface used, and from

the degree and technique of limiting the evaporation of the lubricant.

The only test designed for hot rolling e.,,Llsions has been described by

Snow [143]. Test plates with a central depression of 1 1/2 in. diameter are

used. One or two milliliters of the emulsion is placed in the depression,

and the plate is inserted into an open furnace at a predetermined temperaturc

(for example, 350"C). The plate is removed and examined periodically.
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The emulsion dries out after the first few minutes of heating, leaving a

residue which may then become brown or black depending on the composition

of the emulsion and the temperature of the test. On further heating, the

residue may become charred, turn into a white powvder, or disappear alto-

gether.

Guminaki and Willis [144] report on two tests. Yellow or brown oil stain

tendency is checked by placing three drops of the oil in 70 mm diameter, 15

mm high capsules, the lid of which is perforated by thr-ee holes of 1 mm

diameter. After heating for 1 hr in an air-circulating furnace heated k

350°C, the inner surface of the boxes is examined. In the test for white

stains, two drops of the lubricant are placed cn a 3. 5 in. square aluminum

container sheet of 0.08 mm thickness, and covered with a sheet of the same

size. The edges of this sandwich are covered with aluminum foil, and Ln 9

foil is secured at the four corners with paper clips. The completed sa• -

wich is then heated slowly (in 30 to 40 min) to 350 0C in an air-circulating

furnace and held for 1 hr; subsequently, the temperature is raised to 4500 C

and, after holding for 2 hr, the specimens are cooled on air. The separated

specimens are then inspected for white stains.

In the test described by Sargent [145] a small (0.8 ml) sample of the oil

is applied by pipette to one side of a degreased "Standard Stain Plate."

These "plates" are 5 5/8 in. diameter and 0. 064 in. thick, and specially

fabricated for uniformity of surface flatness and brightness. The oiled plate

is placed on the floor of an electric muffle furnace held at 345 0 C. After

heating with the door closed for 30 min, the specimen is removed and the

stain compared to a graded series of standardized plates. The test is sensi-

tive to the surface condition and flatness of the test plate, draft through the

furnace, temperature, and oil composition. Periodic calibrations must be

made using standardized oils and comparison plates. Used cils are tested

in an undisclosed modification of the standard test.

The effect of annealing temperature, oil quantity, and excess of air on

brown etainang during the annealing of aluminum sheets was systematicalU

investigated by Zlotin et al [146]. Sheets of 1. 2 x 100 x 250 mm size were

coated, with a.,. .hbricant, clamped into piles and heated at a rate typical

of inch:....... i,. ce. The effect of the form and size of the gap between

adjace,.t i. -:faces was investigated by using one sheet at a time, dense
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packs and loose packs, packs made of sheets with a mirror surface and with

rough surfaces.

Staining tests for steel rolling emulsions, described by Nekervis and

Evans [147] were performed in an electric tube type furnace. Plant annealing

conditions were followed by heating from room temperature to 680"C in 30

min, with subsequent cooling to 120 0 C by means of an air jacket around the

hot zone of the furnace. The atmosphere consisted of oil pumped nitrogen

and 4% hydrogen. One drop of the lubricant was placed in a ball indentation

in the middle of a single sheet. Stains formed in this method were heavier

1 than observed in practice, but believed to be representative. Correlation

with plant experience was not available.

The staining propensity c. steel rolling lubricants was checked by

Griffin [76] with a test strip annealer, originating with U. S. Steel Corpora-

tion. It consists of a test strip holder positioned in a glass tube which can

be purged and filled with the annealing atmosphere to be umed. The 1 x 12 in.

test strip is coated with a lubricant and resistance heated to the annealing

temperature; after cooling, it is examined visually for cleanliness.

Erown stains ranging from thick varnisi deposits to thin, slIghtJy colored

films may P1so develop on annealed brass and copper strip. Reynolds [13]

described a test in which strips of 2 in. width, 5 in. length, and 0. 015 in.

thickness were coiled loosely over a 3/8 in. diameter arbor, immersed in

the oil to be tested, and then coiled tightly (under unspecified tension) and

bound before removing the arbor. The coil was placed in a furnace at 500 0 C

for a period of 45 min, using a neutral gas as an atmosphere. The coils

were examined, after cooling, for staining.. The stains were generally

heavier than in production practice but gave the right order of merit for

various lubricants.

Water utains may be caused by emulsions or even moisture condensa-

tions from the atmosphere. Belfit and Shirk [148] described two types of

tests. For the laboratory tests, a sandwich of four brass strips (3. 5 in.

long, 2 in. wide, 0.015 in. thick) is made up with a 1/2 mm gap between the

strips. The sandwich is then submerged in the emulsion, and the strip sur-

faces are observed after one, two, and three days' exposure at room tem-

perature or after short intervals at elevated temperatures. The second

test is also performed in the laboratory, but is a simulation of production

conditions. Lengths of 2-3 in. wide and 0. 02 to 0.04 In. thick strip are
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rolled on a two-high laboratory mill with the test emulsions; after rolling,

coils are wound, strapped, and stored for ten days. The test coils are

rated for staining in the as-rolled condition and after annealing and pickling.

All staining tests are, by necessity, qualitative and become meaningful

only if control experiments are carried out on lubricants of known staining

propensity in production practice.

5.9 LUBRICANT COMPOSITION AND TECHNOLOGICAL PROPERTIES

Metalworking lubricants may be rather well dened, relatively pure

substances, a mixture of relatively pure starting materials, a naturally

occurring mixture of more or less reproducible quality, or a pronrietar5y

combination of any of the foregoing groups. Specification of certain physical

and chemical properties is a practice that iias found increasing acceptance in

more recent years; even though exact compositions are not necessarily known

or disclosed, factors essential for the control of the b, ..:ication proceso .aa

often be specified without violating proprietary interests.

Standardized methocis of determining most physical and chemical prop-

erties are available in the publications of the American Society for Testing

and Materials, Committee D2 [149], the American Petroleum Institute and

the (British) Institute of Petroleum. Corresponding standards exist in other

countries. The most frequently encountered specifications are defined in the

Appendix.

A review of test methods has bean given by Bastian [150], and some

details of the significance of chemical properties will be found in texts deal-

ing with fats [151] and fatty acids [152].

An almost endless variety of tests specifically designed for a particular

lubricant application exist. They are sometimes a modification of somn,

existing standard tests or may be developed entirely without precedent.

Emulsions and aqueous dispersons are the subject of many technological

tests. The stability of emulsions is believed to be an indicator of lubricating

quality and is also an important factor in judging the suitability of a particu-

lar composition for recirculating systems with given heating, cooling, fil-

tering, and agitation characteristics. Stabiity Is usually determined by the

amount 3f cream or free oil separating during a specified period of time,

while holding the emulsion of the desired concentration at close to ambient

(typically 20-35'C) or at a slightly elevated (up to 70'0 C) temperature. Very
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stable emulsions may have to be subjected to separation by centrifuging.

Such tests cannot give an indication of what will happen in production under

the effect of contact with fresh metal surfaces.

An apparatus, developed by the Standard Oil Company of Indiana has

been reported [76] for the measurement of the cooling ability of solutions.

A thermocouple is suspended in a guillotine, heated, and then dropped into

the lubricant. The cooling rate, recorded on a fast-response instrument,

is a measure of quenching ability.

Wetting properties of lubricants are of considerable concern when com-

plete cowerage of the working surface with a preapplied film has to be relied

upon. In flood applications, too, it is often believed--usually without clear

substantiating evidence-that good wetting is a desirable feature of a lubri-

cant. Most wetting tests are qualitative or semiquantitative. In the sim-

plest from, the lubricant is placed on a prepared test plate which is then

Inclinel at an angle to allow the fluid to run. Slightly more quantitative is

the method where a measured quantity of lubricant is placed on a prepared

horizontal metal surface and the rate of spread of the drop is measured.

This technique has found widespread use In testing the wetting ability of

glasses on metal surfaces for hot working purposes. A more accurate

measure of wetting is, of course, obtainable from measurements of the

contact angle, and equipment is now available to do this at both room and

elevated temperatures.

A technological test for wetting has been described by Snow [143] for

aluminum rolling emulsions. An emulsion sample is placed in a trough, and

a roller, partially submerged in the emulsion, is rotated. After stopping

rotation, the pattern and rapidity of dewetting of the surface Is observed.

Snow also describes the use of the Draves test originally used by textile

mills for the tvaluation of wetting and detergent solutions. The time re-

quired for a skein of cotton to become wetted and sink in the emulsion is a

measure of wettability. Since milky emulsions will prevent direct observa-

tion, the test is slightly modified by attaching a lightweight thread to the

skein which, hooked into a plumb-line, gives an indication of the time wet-

ting takes place.

In some instances the wetting of the workpiece with the lubricant occurs

tnriu- a surface reaction, which may cause rapid erosion or corrosion of

the surfaces. Experiments for the determination of such tendencies have
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been devoted mostly to hot-working lubricants of the glasw ,r ceramic type.

Rate of reaction may be determined by weight loss, dimensi',nal loss of a

sheet, or by taking microhardness measurements close to the reacted edge

so as to determine Vie depth to which reaction between lubricant and work-

piece material occua. ,d. More sophisticated techniques--such as radioactive

tagging-are usually n,x:essary for cold working lubricants, since reaction

rates are slower.

5.10 SUMMARY

The preceding sections have shown that, in almost all applications, the

lubricant is expected to fulfill a great number of requiremEnts. While

measurements can be made to ai•a.h some numerical values to lubricant

quality, the meaning of these measurements is by no means always clear.

As evident from the array of techniques available for measuring friction,

the ability of the lubricant to reduce friction has been and is still most fre-

quently investigated. Yet, apart from the use of coefficient of friction values

in calculations of forces and power -. quirements, the great reliance placed

on the knowledge of an absolute friction value is not always justified. Tests

that yield a precise coeffi.ent of friction often operate under idealized con-

ditions that are inapplicable to the real process; relatively simple tests, de--

signed to permit merely a ranking cf lubricants, could often serve a more

useful end. It is very unlikely that a single test would suffice, but a few

well-chosen tests could certainly yield meaningful data for lubricant develop-

ment. Tests and experiments of a more fundamental nature, including those

aimed at deriving friction coefficients, are justified mostly by the hope that

they will shed some light on operative mechanisms and defiLe the role of

various parameters.

Fortuitously, tests primarily designed for the measurement of friction

often reveal important information on pickup, wear, and ability of the lubri-

cant to maintain a continuous parting film separating the die and wcrkpiece

surfaces. Quantitative observations on pickup and wear are relatively

scarce, however, compared to the vast liteature available on measured

friction values. The Problem lies in finding a satisfactory method of de-

scribing the phenomena under widely ranging conditions and in the long times

required for running experiments before relevant information can be derived.

In particular, there is no direct proof that any of the small-scale tests can
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adequately simulate the conditions created by multiple passes, widespread

in all deformation processes. Nor do they incorporate changes occurring

during prolonged use-the gradual deterioration of lubricants due to contami-

nation, oxidation, bacterial attack, and thermal effects or the gradual im-

provement due to transformation of some components into more powerful

lubr!coting agents.

Somewhat more successful have been the attempts to study the effect of

lubricants on surface finish, corrosion, staining on annealing, and other side

effects of industrial importance. Although much remains to be done, semi-
quamiitative indication of lubricant quality in these respects represents a

beginning.

The ultimiote judgment as to the suitability of a lubricant still remains

its performance in production practice. This does not mean that observations

in full-scale production are the best guide to absolute lubricant quality, Once

a lubricant is accepted in a production unit, surface preparation, lubricant

application, and process variables are gradually tailored to yield optimum

performance with that particular lubricant. Whenever a new labricant is

tried, work practices developed for previous ones may adversely affect its

performance, and superior lubricants may be condemned through a failure

to optimize production conditions. It may happen, of course--especially if

production practices are less than optimum-that an experimental lubricant

may perform better because greater care is exercised during its testing.

The effects of process conditions on lubricant performance are still inadequ-

ately understood, and this leads all too often to the frustrating experience of

a lubricant performing satisfactorily in one plant while failing completely in

another. For all these reasons, attempts at evaluatLig lubricants in a more

controlled laboratory environment are still needed and should intensify in the
future, so that a firmer, more scientific foundation for lubricant develop-

ment and its integration into the whole process can be laid.
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6.1 INTRODUCTION

As discussed in Section 2.2, iolllng Is a rather complex deformation

method with wide variations in interface conditions. Accordingly, wide varia-

tions in lubrication techniques may be expected.

Some rolling practices require little or no lubrizant. Thus, many mate-

rials may be hot rolled without a special lubricant, the natural oxide taking

care oV separating the metal aud roil surtaces effectively enough. blow-speed

cold roiling of steel and of some othbr mcr. common engineering mater4 als

generates relatively little heat, and the lubricant may be periodically app) ci

and of simple composition. Some of the r implicity is deceptive, though, be-

cause the natural fats frequentlyuied are actaally very complex and-even

though unintentionally-s-phi3tlcated lubricating media. The lubricant be-

comeb -ritlcal, huw.-vwr, hi roUllin at high speeds and heavy reductions,

especially with mater!.'ls that teL, t.) aahere to the rcil surfaces. Even a

minor change in the h0'ric&at niay lead to a sequence of changes in the gage

and shape of the r-oiled rroluct, i's surface finish, and in dhe ability to keep

the mill ope'-ation uridr control. . is not burprising, therefore, that rolling

lubrication has attracted most attention of all metalworking processes over

the last 30 years.

Much of the research has been quite fundamental, inquiring into the mech-

anism of lubrication and seeking an understanding of governing factors, so as to

permit a more sdaitlf;c control of the system comprized of the lled material,

th, lubricant and the rolling mill itself. This tendeuey has been reinforced by the

appearance of high-speed tandcw rills, on which an increasing .-mount of av ttrma-

tioa has tended to eliminate errorsddue tc human ju 'gnent but, at the r-tnte tinie,
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imposes more critical xequirements for reproducibility of conditions in

the roll gap.

The total quantity of lubricants involved in rolling perhaps outweighs the

combined quantities used in all other metalworking operations; therefore,

much effort has also been directed towards optimum methods of application,

removal, recovery, and disposal.

Research aimed at elucidating fundamental relationships of more universal
importance will be discussed first, followed by a survey of the most frequently

used lubricant types, and finally, by a summary of experimental data and in-

dustrial practices pertaining to specific workpiece materials.

6.2 FRICTION AND LUBRICATION EFFECTS

Friction and lubrication manifest themselves in - great number of ways,

and no systematic treatment of these could be attempted without first estab-

lishing the basic mechanisms operative in rolling. Although no general

agreement exists, some working hypotheses can be developed which will

serve at leasi qs a framework for further discussion.

6.21 Lubricating Mechanisms

In discussing friction and lubrication mechanisms in Chapter 3, a wide

spectrum of conditionm ranging from dry friction, through boundary lubrica-

tion, thin film or mixed lubrication, to hydrodynamic lubrication were dis-

tinguished. The great flexibility of the rolling process is shown by the fact

that all these mechanisms may operate under certain processing conditions.

Dry Friction and Boundary Lubrication

Rather paradoxically, rolling lays relatively modest requirements on the

lubrL ýint even though deformations may be heavy. The reason for this is to be

found .n t'e observation (Section 2.22) that interface sliding rapidly dimin-

ishes from the entry to the neutral point and, perhaps most importantly, that the

area of contact between roll and strip surface is continually shifting on the roll

surface. Thus, adverse effects such as roll pickup take a longer time to de-

velop than in a process with continuous material contact such as wire drawing.

For the above reasons, dry rolling (that Is, rolling without an inten-

tionally applied lubricant) is not only possible but widely practiced, especially

in the hot rolling of materials that show only moderate adhesion to the roll

surface and that also form an oxide film which is either partially plastic or

friable so it can follow, at least to some extent, the extension of surfaces.
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The pattern of broken scale on a hot-rolled mild steel specimen surface

(Fig. 6. 1) reveals that some fresh metal must have been exposed [1]; how-

ever, as discussed in Section 2.24, the surface probably breaks Just prior to

entering into the roll gap, therefore, there may be sufficient time to allow a

very thin protective oxide film to form or the freshly exposed surface. In

rolling practice it is also customary to cool the rolls with water. Even

though water is not a lubricant in the accepted sense, one might surmise that,

as a contrtrdnant and as a steam former, it does help reduce adhesion between

the roll anr. the dteel surface. Oxide films on stainless steel are much

thinner b'." rather powdery and, again, provide adequate protection against

seizure and pickup formati3n. A protective oxide forms also on nickel,

copper and, to come extent, on titanium (Section 4.28).

In contrast, the oxide of aluminumis brittle and adheres firmly to the

base metal; therefore, on breaking up in the roll gap, it exposes virgin

aluminum surfaces that tend to weld to the roll surface, giving rise to a roll

coating which could soon lead to a total seizure of the workpiece. For this

reason, lubricants are mandatory in the hot rolling of aluminum,

Oxides of high shear strength lead to high frictional forces and to the

development of zones of sticking in the arc of contact. Therefore, they

control the uniformity of deformation and the magnitude of' roll forces and

power consumption. For these reasons, the value of the coefficient of friction

in dry rolling has been of interest from relatively early days and has been

used as a means of investigating the effects of oxidation.

Fig. 6-1. Break-up of scale on mild steel heated to 9000C and rolled at

7000 C with 30% reduction [I1.

'1
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Ekelund [2] found in the hot rolling of mild steel that the coefficient of

friction decreased with increasing rolling temperature, indicating that the

thicker films formed at higher temperatures lubricated better. The friction

value was determined from the maximum angle of acceptance (Section 5.22).

This method is of limited accuracy, especially under production conditions,

because the roll speed, the approach velocity and nose shape of the workpiece,

and the surface finish of the rolls all have a marked effect, as shown by

Kortzfleisch [3]. Invariably, the angle3 of acceptance (and thus the calculated

friction) decreases with increasing roll speed. Laboratory investigations [4]

revealed that friction decreased with increasing temnverature and decreasing

rolling speed on specimens with slightly rounded or tapered noses, while

friction was actually higher at the higher temperatures and was independent of

roll speed with specimens of sharp leading edges. Under production con-

ditions, these tendencies may easily counterbalance each other and tempera-

ture effects on friction may be lost.

A detailed evaluation of the effects of scaling by El-Kalay and Sparling [5]

has shown that heavier oxide films reduced roll force and torque by up to 25%.

The effect was greater for larger reductions and with rough-ground (170;A in.

AA) rolls than with smooth rolls (2 5p in. AA surface finish). Friction de-

creased with increasing temperature on rough rolls and thinner oxide films,

but increased with smooth rolls at all oxide film thicknesses. It would appear

that important variables were inadequately covered in earlier work, and

further evaluation of the detailed data given by El-Kalay and Sparllng should

prove fruitful.

It is remarkable, though, that the trends found originally by Ekelund have

been repeatedly confirmed in the laboratory, irrespective of whether the

coefficient of friction has been derlved from forward slip or from simultaneous

measurement of roll force and torque (Fig. 6.2). The latter method also

allows calculation of an interface shear strength. Experiments conducted on

steel in vacuum by Pavlov et al. [6] and in vacuums of various degrees and in

argon by Pavlov et al. [7] show that, invariably, friction is higher when oxide

formation is suppressed. This serves as direct evidence of the moderate yet

significant lubricating qualities of iron oxides. Similar trends were found for

nickel. In some further work of Pavlov et al. [8) friction was unexpectedly

low with titanium at all rolling temperatures, and actually increased slightly

with increasing oxidation. In contrast, the refractory metals molybdenum
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Fig. 6-2. Coefficient of friction in hot rolling low-carbon steel in air

(1: Ekelund, 2: Pavlov) and in vacuum (3: Pavlov [1]).

and columbium (niobium) gave a rather high friction in vacuum, which dropped

substantially when oxidation was permitted. Schey [1] found that, at typical

hot rolling temperatures, friction (calculated from forward slip) decreased

with temperature for stainless steel but increased slightly with aluminum.

These trends are in reasonable agreement with the known properties of

oxides (Section 4.28).

Intentional dry film lubrication is rather rare in rolling. Lamellar

solids such as graphite or molybdenum disulfide have been used experimen-

tally for the hot rolling of steel and will be discussed in Section 6.4. For

cold rolling purposes, uniform distribution of the lubricant is of extreme

imporLance if the desirable uniform surface finish is to be achieved, there-

fore, all lubricants must be applied in a carrier which assures even distri-

bution. In this instance the carrier contributes to the lubricating mechanism;

a purely solid film mechanism is maintained only if the carrier evaporates.

This is only occasionally encountered, e.g., with fluorocarbon polymers

(PTFE).

Cold rolling with dry ro!ls is lery seldom practicable except for small,

experimental quantities. More often than not, neither the rolls nor the work-

pieces are handled carefully enough to be considered really clean. Oily
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contaminants from contact with fingers and cleaning rags, and even films

adsorbed from the air, may act as lubricants. In fact, it is very difficult to

find reliable data for true dry rolling (see also Section 6.24).

Thin Film Lubrication

With a very few and rather special exceptioas, rolling lubricants are

liquid. The mechanism by which they act has been a subject of extended

research and often controversy. Because of the high interface pressures, the

notion that lubrication must be essentially of the boundary type used to be

rather widespread. This contention was often supported by experimental

results that seemed to indicate a constant coefficient of friction, which could

be interpreted as a sign of a constant, unchanging lubricating mechanism.

The validity of this assumption was contested by the fairly early recognition

that the bulk viscosity of the lubricant is of great importance and that in-

creasing viscosity, in general, decreases friction. As a result of a number

of investigations, the basic effects are now rather well clarified, even

though their interpretation is not yet unanimous. However, some of the

differences in views relating to the lubricating mechanism are more a matter

of detail than one of overall concept.

In general, it is recognized that lubrication must be of the thin film or

mixed type, with hydrodynamic and boundary elements both playing a role.

Some of the most convincing evidence for the thin film mechanism came from

investigations on aluminum. Because of the high adhesion of aluminum to

roll surfaces, boundary contact, lubricant breakdown, and metal-to-metal

contact become immediately evident in a rapid rise of 4'riction. In the rolling
of 0. 080 in. thick, 6 ft long strips on 14.3 in. diameter rolls, Schey [9]

observed that roll force and forward slip first rose gradually, then-af ter a

critical reduction had been reached-rather steeply with pure aluminum and

aluminum-1. 25% mangar •se alloy strips (Fig. 6.3). Calculating average

external coefficients of friction both from roll force and from forward slip

by a namber of methods, the derived values varied according to the chosen

method, but the trends were always the same, showing a rather low (approx-

imately 0. 04) coefficient of friction in the firct regime, and high values

(rising to 0. 2) in the second regime. He concluded that the first regime cor-

responded to predominantly hydrodynamic lubrication, and the second to

predominantly boundary lubrication, although both mechanisms must have.

been operative in both regimes.
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Fig. 6.3. The effect of lubrication and roll surface finish on roll force,

forward slip, and calculated friction (Al-i. 25% Mn strip; 1: dry rolls; 2 and

4: base mineral oil 7.3 -s at 200C; 3 and 5: compounded oil; 2 and 3 before

regrinding) [9].

Supporting evidence came from observations of rolled surfaces. At low

reductions, the surface was matte and, under the microscope, revealed sruall

impressions (Type 1, Fig. 6.4a) icentified as hydrodynamic pockets. Roll

grinding marks were not clearly impi-'ted, indicating that the lubricant filra

was at least locally thick enough to separate the two surfaces. Pockets were

transverse to the rolling direction on strain-hardened strip and reflected the

grain structure on annealed strip. With increasing pass severity the hydro-

dynamic pockets broke do'vn into smaller units, conformity with the roll sur-

face became mol- evident (Type 2, Fig. 6.4b and c) and, finally, in the

predominantly bowiary regime, most hydrodynamic pockets disappeared

(Type 3, Fig. 6.4d). In the absence of a powerfd boundar, additi•v. some

.•:•;.'.•d, smeared areas appeared, which could be interpreted as points of
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metal-to-metal contact which were then smeared while the strip passed over
the zone of forward slip (Type 4, Fig. 6.4f). Rolling on a roll with bright
(2. 8 p in. AA surface roughness) finish with a low viscosity (7. 3 cs at 200C)

base mineral oil, lubricant pockets were rather small (Fig. 6.4e) and the

strip surface fairly smooth, Measured in a direction perpendicular to rolling,

the surface roughness remained of the same order of magnitude as that of

the roll surface until the predominantly boundary iegime was reached, when

surface roughness suddenly increased to values as high as 10 p in. AA on

account of the presence of smeared-over, damaged portions.

The.t the second regime could be identified as predominantly boundary

was also proven by the observation that the addition of a boundary additive

such as 5% rapeseed oil to the base mineral oil shifted the onset of sudden

force rise to higher reductions and also reduced resulting surfaco damage

even in the boundary regime. Additional evidence will be found in Sections

6.4 and 6.5.

Whitton [1o] analyzed the results of friction experiments with back

tension by Whitton and Ford [(il for the influence of process variables.

While he did not present his results in terms of a lubricating mechanism, his

conclusions confirm the above picture. Thus, the "surface damage" found

with highly viscous lubricants (that registered low friction values of 0. 040 to

0. 046) is identical with the appearance of massive hydrodynamic pockets in

the surface, With somewhat poorer lubricants, the surfaces were burnished;

this was attributed to flattening over of asperities by the smooth rolls and by

the action of the lubricant as a cutting fluid when slight scoring took place.

Dry (but not necessarily very clean) rolls or very poor lubricants, associated

with friction values of the order of 0. 1 led to severe tearing of the surface.

It is interesting to note that, relying on observations made in wire drawing,

Wistreich [12] had already sugge3ted that a quasihydrodynamic (thin film)

lubricating mechanism could well explain these results.

Accordingly, lubrication in rolling may be imagined as mixed film lubri-

cation in which the propo-tltn of hydrodynamic and boundary elements is a

function of process conditions. Lubricant entrapment is encouraged by the

very favorable geometry (in a typical cold rolling situation, the angle between

Lhe roll surface and entering strip is of the order of 1-30). The wedge effect

is further augmented by the velocity difference (backward slip) in the entry

zone, which givcs rise to hydrod~namic lift. It is not necessary and, indeed,

not likely that the film be entirely continuous. Electrical resistance measure-
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ments have shown [9] that some metal-to-metal contact occurred even at

very low reductions. Mcderate roughness of the rolls and particularly that

of the strip surface, however, are certainly beneficial in trapping lubricants

in micro-pockets. Even though interface pressures increase and sliding

velocities decrease towards the neutral point, it is conceivable-and supported

by evidence of rolled surfaces-that much of the trapped lubricant is unable

to escape and defcrmaticn takes place through this trapped lubricant film.

Wi.:h increasing pass reductions, initial boundary contact areas increase and,

if adhesion between workpiece and rolled material is high, tDe sudden rise

in feiction shown in Fig. 6.3 is observed.

Less reactive materials, such as aluminum-5% magnesium alloy or mild

steel did not show the same upturn of forces or forward slip values in Schey's

work. However, since then LeMay et al. [13, 14] have shor'n in the rolling of

0. 064 in. thick low carbon stee.; strip on 6 in. diameter rolls that at re-

ductions of 60 to 70% a similar rise in f.lction may be observed on this

material too. In contrast to Schey, however, they found that calculated

friction may be rather high also at low reductions (see Fig. 6.20), and

attributed this, in agreement with Thorp [15], to itisufficiejit sliding speeds at

the entry point at 1..w reductions. These low velocities may not provide

enough hydrodynamic lift, thus giving more boundary contact than at some-

what heavier reducer 'ns, when optimum conditions are assured. This point is

certainly worthy of further investigation.

A further proof of boundary contact in the rolling of aluminum waS pro-

vided by Schey [i1], who found that the randomn variations in roll forces

(Fig. 6. 5) reported by most investigators working with short strip, may be

eliminated if an equillibri'm- condition is first establishel by running the rolls

for a prolonged period against wipers or against each other. When a strip

long enough to coror several roll circumferences is then rolled, a fairly

steadN force is hidioaed while rolling in the predomim ntly hydrodynamic

regime. However, as soon as pressures are high enough to cause marked

boundary contact, roll force riszc in a stepwise fasb)nn from revolution to

revolution and fails to reach a maximum with an mn-ompounded mineral oil

even after fov; or ftye revolutons. In coitrast, In the presence of a

boundarv additi.ve. i steady forc, is achieved or apprcached after the second

revoluttion (Fig. C. 5), indicating that no further pickup- occurs. This point

wis alp( direcQN: comfirmed by radioactive trace: exMiriments in which a
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Fig. 6.5. Typical roll-force records: (a) short strip rolled at random

time intervals; (b) long strip rolled with special technique and a base mineral

oil; (c) as (b), but compounded oil [16].

small amount of copper incorporated in the workpiece moterial was activated,

and thus the rate of material transfer onto the roll surface could be directly

monitored.

Evidence of thin film lubrication can also be gained from rolling practice.

Even though individual pass reductions are seldom heavy enough to show the

rapid force changes observed in laboratory experiments and repeated contact

on a long strip tends to equalize roll pickup, a faint cast cf aluminum or cop-

per may often be observed on the roll surface, indicating some metal transfer

even under practically acceptable process conditions. The presence of fines

in recirculating oil systenms also suggests that some of the workpiece material

is transferred to the rolls and is then worn away to appear in the form of

finely distributed particles.

Kydrodynamic Lubrication

The very high rolling speeds used in the rolling of thin steel strip com-

bined with the high v'Jcosity of lubricants normally employed has led several

researchers to suggest that lubrication may, in fact, 'v regarded as purely

hydrodynamic. Roberts [17] produced a solution for perfectly rigid rolls,

perfectly rigid/plastic material, and a lubricant of constant viscosity. From

a consideration of the energy balance in the roll gap, he derived a solution

that shows the neutral point c be close to the exit point for all practical

process conditions. However, the solution predicts the neutral point to move

back-wards in the roll gap with increasing back tension, which is contrary to

I.
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both basic rolling theory and experience. No doubt, the simplifying assump-

tions are too sweeping to allow a valid solution, but at least the proximity of

the neutral point to the exit point is correctly predicted.
More complex mathematical solutions have been developed by Cheng [18]

and Bedi and Hillier [19]. Both recognize the preserce of a friction hill;
Bedi and Hillier assume a constant lubricant film thickness of constant vis-

cosity, while Cheng allows for a variation of lubricant viscosity as a function

of pressure and temperature. By solving the equations for the plastic yielding
of the workpiece material and for the pressures in the hydrodynamic film

simultaneously, solutions are arrived at that correctly predict the effects of

tension and of rolling speed; unfortunately, all solutions indicate peak pres-

sures close to the center of the arc of contact, whereas rolling theory as well

as direct rvlasurements of pressure distribution [20] show that, under the

postulated conditions, the pressure peak should be very close to the exit

plane.

Despite their shortcomings, these attempts should be regarded as pro-

mising beginnings, since there is little doubt that conditions closely approxi-

mating hydrodynamic lubrication can be obtained under a favorable set of

conditions (high viscosities and rolling speed). True hydrodynamic lubrica-

tion may, however, be cbjectionable. With very low friction, the rolls re-

fuse to bite; it is also well known plant experience that if the lubricant is "too

good" (that is, if it lowers the coefficient of friction too much), mill control

becomes more difficult because the strip tends to wander, skidding sideways

in the roll gap. There is thus possibly a minimum desirable "running"

friction value, although th-e magnitude of tlds has not yet been determined.

Aqueous Systems

Of all potential lubricants and lubricant carriers, water has the greatest

s~ecific heat and therefore the greatest cooling ability. It is often used in hot

rolling purely for the purpose of keeping the roll surfaces at acceptable tem-

peratures. In lubricating systems, however, it is essentially the carrier for

substances that are able to reduce friction either by hydrodynamic or boundary

lubrication. Unfortunately, coniusion in nomenclature tends to make assess-

ment of published data rather difficult. In this chanter, the following termin-

ology is used: mechanical dispersions are aqueous systems in which a

lubricant is dispersed by purely mechanical means, and separates very

rapidly as soon as vgitaon is ceased. Emulsions are aqueous systems in
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which the oily phase is suspended by the addition of emulsifiers as defined In

Section 4.3. The dividing line between these two categories can be rather

vague, as discussed in Section 6.33. Solutions are true chemical solutions

of a water-soluble substance.

The mechanism of lubrication with aqueous systems is still largely un-

known. With mechanical dispersions, it is usual to speak about "plating cut"

of the oily phase on the metal surface, and a performance close to that oe the

dispersed phase is normally expected. Small quantities of emulsifier may, in

some unknown way, aid or hinder "plating out." For example, Whetzel and

Rodman [21] found that 0. 5% emulsifier added to a natural fat caused the

coefficient of friction to drop noticeably in the rolling of low carbon steel,

while 4% emulsifier raised it above the value registered with no emulsifier

added. A measurement of the oil film thickness deposited by drawing the

strip straight through the aqueous system at a constant speed showed that a

maximum film thickness of close to 20p in. was obtained with a very low

(0. 05%) emulsifier content; further increase in emulsifier caused the average

film thickness to drop to about 10p in. but gave a much more uniform cover-

age.

Some evidence of the action of aqueous systems can be derived from data

reported by Lloyd [22] who rolled, presumably, steel strip (of unspecified

thickness) through a standard number of passes and measured the final thick-

ness. As shown in Table 6. 1, the efficiency of neat lubricants was deter-

mined by their viscosity, even though the substances represented a wide range

of chemical activities. When 5% of the same substances was dispersed or

dissolved in water, performance changed greatly. Oleic acid and mineral oil

formed mechanical mixtures; therefore, they plated out and lost none of their

lubricating ability. The detergent was partly soluble in water, formed an

emulsion, and lost some of its performance. Glycerine, which wad com-

pletely soluble, became practically worthless. Thorp [22] pointed out that if

it was assumned that 40% of the detergent formed a mechanical dispersion, all

experimental points (both for the neat substances and the aqueous mixtures)

lie on a straight line when the logarithm of viscosity is plotted against final

thickness, suggesting that lubrici.tl.n Ac cssentially hydrodyhiamic.

Minor variations in the base oil or emulsifier, the presence of rust-

inhibiting and antifoaming additives, and even incidental variations in com-

position greatly modify lubricant performance, and the whole subject of
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TABLE 6.1

Lubricating Performance of Substances and
Their Aqueous Dispersions [22]

Water + 5% Lubricant
Exit Viscosity Exit Viscosity

Molecular Thickness at 38 0 C, Thickness, at 38 0 C,
Lubricant Weight in. cs in. cs

Water 18 0.018 0.66 - -

Mineral Oil 250 0.013 5 0. 013 1

Oleic acid 282 0. 009 21 0. 009 1

Detergent 750 0.007 40 0.010 1

Glycerine 92 0.007 224 0.016 1

aqueous lubricants is a rather secretive art. Information such as is avail-

able will be discussed in conjunction with a description of lubricants for

various strip materials.

6. 22 Effect of Lubricant Viscosity

If hydrodynamic lubrication plays a significant role-at least in the

predominantly hydrodynamic regime-increasing lubricant viscosity should

lower friction. Indeed, a number of results have been reported that con-

firm this contention. Thus, Whetzel and Rodman [21] state that in rolling

steel with a variety of fatty lubricants, friction decreased proportionally

with the logarithm of the viscosity increase. Unfortunately, most published

data suffer from the uncertainty introduced by other incidental but by no

means negligible variables. All too frequently, substances of different

viscosity also had different composition and boundary lubricating components,

as in the above noted example.

The most valuable data are to be found in the work of Thorp [15], who

chose three members of the homologoue series of paraffins: hexane

(C6H14)9 dodecane (C12 H26 ), and hexadecane (C16 H34 ). At higher speeds,

where predominantly hydrodynamic lubrication must have been attained, the

coefficient of friction (calculated from the roll force by the equations of

Bland and Ford) decreased linearly with the kinematic viscosity of the

lubricants on a log-log plot (Fig. 6.6). Thorp also observed the presence of

hdrodynamic pockets on the strip surface, and the "surface damage"
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Fig. 6.6. The effect of viEcosity in rolling low carbon steel strip with

high purity paraffin ! 51].

reported by Nekervis and Evans [23] in the rolling of stee7 strip with various,

rather viscous lubricants must also be interpreted as evidenice oV hydro-

dynamic lubrication. A comparison of hydrodynamic pockets obtained with

lubricants of different viscosity by Schey [9] makes it clear (Fig. 6.4) that,

for the same roll surface finish, heavy lubricant entrapment resulted in a

severe distortion of the surfaces with an SAE 30 engine oil, whereas only

traces of hydrodynamic pockets were found between roll grinding marks with

a base mineral oil of 7.3 cs viscosity at 20 0C. Some of the hydrcdymamic

pockets persisted with the SAE 30 oil to high reductions, but total conformity

with the roll surface and absence of hydrodynamic pockets were noted with the

lighter oil.

6.23 The Effect of Rolling Speed

When a lWn'g trip is cold rolled from a coil, the strip end is entered

("threaded") at a low speed, typically 50-200 fpm. On gradual acceleration

to production speeds (typically 1000 to 1500 fpm for aluminum, 3000 to 5000

fpm for steel) the issuing strip thickness decreases with an unchanged roll

gap setting. Tle effect was observed in the late 1930's on the then recently

installed high-speed tandem mills, and some of the co:rtributing causes were

correctly identified. The first systematic study of the effect, however, was

carried out by Ford [24] and by Sims and Arthur (25]; reviews of earlier

work are given in both papers. A detailed consideration of possible influencing

factors ,'howed that yield stress increase due to increased strain rate, yield

stress decrease due to increased strip temperature, or changes in the elastic

characteristics of the roll and the rolling mill cannot account for the observed
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speed effect. Only two possible causes remain: variation in the center of

rotation of a roll supported in a journal bearing, or a change in the frictional

mechanism in the roll gap itself.

Roll Neck Displacement

In rolling mills equipped with full fluid roll neck bearings, the roll-

separating force is carried by a relatively thin oil film between journal and

bearing at low rolling speeds. As the speed of rotation increases, a thicker

hydrodynamic film Is formed and the roll journals ride up on this film,

occupying a new center of rotation, equivalent to closing the roll gap. This

can be represented according to Hessenberg and Sims [26] by graphs of the

type shown in Fig. 6.7, in which the roll separating force is plotted against

the rolled strip thickness. For any given initial roll gap setting so the actual

roll gap increases as a result of elastic distortion in the rolls, bearings, and

mill housing. The slope of this so-called elastic curve is the mill elastic

constant. For a strip of a given h1 entry thickness, the roll force rises with

increasing reduction according to some "plastic" curve, as determined from

rolling theory or experiment. Where this curve intersects the elastic curve,

the issuing gage h2 of the strip is found. In a mill equipped with roller

bearings, the issuing gage can decrease to hl with increasing rolling speed2
only if friction in the roll gap decreases (Fig. 6. 7a), provided that all other

input variables are kept constant.
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Fig. 6. 7. The combined effect of friction and roll neck ditplacement in

mills equipped with (a) roller bearings, (b) full fluid bearings [26].
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In contrast, the roll journals ride up on a film of increasing thickness as

speed increases; the effect is the same as if the roll gap had been set closed

(Fig. S. 7b). It will be noted that this has the same effect on the issuing gage

as though the coefficient of friction decreased. For this reE son, the individual

contributions of journal displacement and interface friction tb the speed effect

(as expressed by the new gage h2) could be separated only if all variables,

including roll neck displacement were recorded simultaneously. Stoltz and

Brinks [27) reported a roll gap change oi the order of C. 005 in. per stand on

a four-stand sh.ot mill while slowing down from 3400 to 250 fpm in the wFddie

of rolling a coil. This would readily account for more than the observed

speed effect (Fig. 6. 8). However, the large variations in roll gap are some-

what attenuated by the decreasing efficiency of the rolling mill when reducing

thin sheet; in other words, a relatively large change in roll gap causes only

a small change in issuing thickness because elastic distortions absorb much

of the gap change. MUller and Lueg [28] found from a simultaneous recording

of roll force, interstand tensions, roll journal displacement, and gage vari-

ation that all these factors were intricately interwoven. Unfortunately, they

had a displacement transducer on the top roll journal only, thus the total

change of the roll gap cannot be ascertained reliably.

The effect of speed upon oil film thickness was investigated by Popov (29],

who ran the rolls of a 4-high mill in contact, with copious lubricant applied,

but without metal in the gap. The roll-separating forcep was found to rise

.0130
C!,

zX .0120
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Fig. 6. 8. Speed effect in rolling 0. 095 in. tinplate on a four-sttand

sheet mill [27].
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with speed according to an approximately hyperbolic relationship. A steeper

rise was observed up to approximaately 50-250 rpm (corresponding to a roll

surface velocity of 200-1000 fpm). Since this pattern of variation is similar

to that experienced m rolling practice, he concluded that the speed effect

can be explained purely from film thickness changes in the journal bearings.

This could be true for rolling with dry lubricants, but must be refuted in

view of experimental evidence obtained on mills equipped with roller bearings

when rolling with fluid lubricants.

The results of Staltz and Brinks [27] were used by Stone [30] for calcula-

ting the variation of friction with rolling speed (Fig. 6.9). From results of

more recent production-scale experiments, Pawelski [31] calculated a much

more gradually changing friction (Fig. 6. 9). It is reasonable to assume that

the method the method of calculating p affects the results, and it would be

preferable to rely on the rolled gage as the primary indicator of the speed

effect. For this, however, a simultaneous recording of the actual roll gap

separation would be needed.

Speed Effect Due to Change in Friction

For reasons explained above, experiments and observations made on -

mills equipped with full fluid bearings must be approached with caution. In-

terpretation of the speed effect is much easier when the roll neck position is

fixed. Ford [24] rolled at speeds ranging from 5 to 300 fpm, on a 10 in. 2-

high mill equipped with roller bearings. Using an 0. 2% carbon steel and

high-purity copper as strip materials, reductions of 30% were taken in each

pass. The speed effect was negligible in initial passes but showed up clearly

in the fourth, fifth, and sixth passes when the strip became both hard and
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Fig. 6.9. Friction calculated from tandem mill gages [30, 31].



352 JOHN A. SCHEY

thin (Fig. 6. 10). The speed effect was noticeable even in early passes when-

ever reductions were high and the starting strip thin.
Possible causes of the speed effect were investigated by Sims and

Arthur[25] on the same rolling mill. With oil as a lubricant, the issuing

steel strip thickness decreased from 0. 035 to 0. 027 in. on accelerating from

10 to 250 fpm, whereas strip rolled with dry graphite lubricant remained of

essentially constant thickness at 0. 038 in. The coefficient of friction calcu-

lated from Bland and Fordts theory [32] decreased correspondingly with

increasing speed (Fig. 6. 11). A similar variation in friction was calculated

by Geleji [33], using his own rolling theory, from the experiments of

Ford [24].
Experiments by Billigmann and Pomp [34] on steel and aluminum also

gave clear evidence of the speed effect. in their work, initial strip thickness,

reduction per pass, rolling speed (between 15 and 1300 fpm), and roll dia-

meter were varied both with and without lubrication. They found that roll

forces actually increased (correspondingly, reductions decreased) with in-

creasing rolling speed on dry rolls. This was attributed to a gradual
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Fig. 6. 10. The effect of speed on interface pressure in the rolling of
C. 032 in. low carbon steel strip [243.
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Fig. 6. 11. The variation of friction calculated from experiments on

low carbon steel strip [25].

deterioration of interface conditions owing to pickup and accumulation of

metal and oxide particles on the rc surface. With a lubricant, the issuing

gage invariably dropped with increasing speed and the roll gap had to be

opened if a constant issuing gage was to be attained. In agreement with and

in an extension of the observations of Ford [24], they also found that the speed

effect occurred only if the ratio of issuing gage to roll diameter was smaller

than a limiting value, the magnitude of which was the function of workpiece

material, reduction per pass, and the surface finish of the rolls.
Whetzel and Wyle [35] found that the speed effect was almost entirely

absent when a conventional "soluble oil" lubricant (probably a straight

mineral oil emulsion) was used, but it became more marked with a mineral

oil, and very pronounced with fatty oil (Fig. 6.12). It is reasonable to

assume that the emulsion functioned as an almost purely boundary lubricant.

Mechanism of Speed Effect

Experimental evidence cited above points to the use of liquids (preferably

of some substantial viscosity) as the main cause of the speed effect. This led

to speculation about the possible mechanism by which a lubricant reduces

friction in the roll gap. Billigmann and Pomp [34] drew on the analogy with

a journal bearing, where increasing speed causes an increase in the thick-

ness of the supporting full-fluid film. Sims [36] preferred an explanation
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Fig. 6.12. Speed effect in experimental rolling of low carbon steel strip

(1: "soluble oil"; 2: mineral oil; 3 aijd 5: experimental lubricants; 4: liquid

fat) [351.

based on the viscous flow properties and boundary attachment of lubricants

to the strip surface. He postulated that at low rolling speeds more of the

attached lubricant is squeezed out, while at higher rolling speeds the time

available for this extrusion effect is less and, therefore, a thicker layer

remains.

A much more plausible explanation of the speed effect may be gained if

it is accepted that lubrication in rolling is of the thin-film type. With a

lubricant that gives predominantly boundary lubrication at low speeds, in-

creasing rolling speeds at the same roll gap setting (or even at the same

interface pressure) would cause a shift towards the hydrodynamic regime by

virtue of the greater interface sliding velocities at the entry point. Thus,

more asperities previously in contact with the roll surface would be lifted

off, and more of the load would be borne by trapped hydrodynamic pockets.

Correspondlng~y, the coefficient of friction would drop. This hypothesis also

explains why the speed effect is more marked at lower speeds and then gradu-

ally tapers off at high speeds; the coefficient of friction should drop more

rapidly in the initial stages when even a slight shift to hydrodyr•amic lubrica-

tion means the elimination of a greater number of contact points, while little

further Improvement could be expected when lubrication has already become

almost fully hydrodynamic, with most of the surface separated by the

trapped film [37].
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All published evidence can be readily fitted into the framework of this

hypothesis. Whetzel and Rodman [21] rolled steel strip precoated with con-

trolled. uniform amounts of fatty oil 'ibricqnts, deposited from a solvent

solution or by an air power spray apparatuE. The film thickness thus de-

posited vailed from very thin, ineffective, to gross excess. After rolling
the strip to a constant gage at various roll speeds, the oil film thickness on
the rolled product was determined by a solvent method, and the coefficient of

friction was calculated (by the method of Stone and Greenberger [381) from

roll forces.

Rasultu for a natural animal fat and a much more viscous modified fat

are shown in Fig. 6.13 for two speeds. With very thin films friction was
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Fig. 6.13. Oil film thickness tuid friftion in rolling steel strip

(broken lines: natural fat; solid lines: high viscosity fat) [21).



356 JOHN A. SCHEY

high, but it decreased with increasing speeds and viscosities as the oil film

thickness increased. Allowing for the elongation of the strip, they found that

deposited films of thicknesses up to about 4 to 511 in. passed through the roll

gap without change; thus, up to this thickness the coefficient of friction was

governed by the available lubricant supply. Thicker oil films could be

developed only by providing excess lubricant on the ingoing side, and then

rolling velocities became the governing factor. It was impossible to obtain

films thicker than 10 p in. with the natural fat, but a more viscoub modified

fat developed a greater (14 p in.) limiting thickness. It was also noted that

the greater viscosity of the modified fat led to a markedly lower friction at

the low speed, whereas both the natural and the viscous fat produced identi-

cal friction at the high speed. This indicated that the greater interface

velocity developed at high speeds in the entry zone generated sufficient

hydrodynamic drag to make viscosity a secondary factor. Similar conclusions

were reached by Iwao et al. [ 39] on both steel and aluminum.

In a detailed examination of the speed effect Thorp [151 normalized rol-

ling conditions by repeating experiments at various speeds and different roll

settings so that, irrespective of mill spring, the roll force for a constant

reduction could be plotted as a function of rolling speed. Th.-i most unusual

feature of his results is that roll force dropped rather abruptly around a

critical speed with the pure hydrocarbons, while the more normal gradual

decrease in forces was noted with palm oil.

The validity of these results has been debated in the subsequent discus-

sion. The steel stripo were only 2 ft long; thus, truly representative 'equili-

brium conditions may not have been reached, ecpecially at heavier reductions.

The strips were electrocleaned and then washed, includirg an alcohol rinse

which, as pointed out by Rowe [401, leaves a boundary fil.n. This could be

especially disturbing when very pure hydrocarbons are teilted as lubricants.

Also, when the restlts were replotted lor constant roll forces, the drop in

exit thickness was more gradual (Fig. 6. 14)ý It would appear, therefore,

that even though the speed effect may be more sudden on very pure sub-

stances than on natural mixtures, basically the same changeover from pre-

dominantly boundary to predominantly hydrodynamic conditions must exist.

From pilot runs on a production aluminum ioll rolling mill, Yokete and

Nomura [41] calculated the variation in friction with rolling speed and found
that p dropped from 0. 07 at JOO fpm to 0. 03 at 1200 fpm. The drop was

fairly gradual, again suggesting a thin-film mechanism.
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Fig. 6.14. Speed effect in rolling steel strip with high purity paraf-

fins [15].

Experiments by Christopherson and Parsons [42] in drawing aluminum,

copper and mild steel strip through freely rotating rollere (equivalent to

Steckel rolling) provided some indirect evidence of increasing hydrodynamic

lubrication with increasing speed. Using a "vaseline grea.te" as a lubricant,

the surface finish of the strip was roughened with increasing speed (Table

6.2), no doubt because increasingly heavy layers of lubricant caused marked

hydrodynamic indentation of the surfaces.

An interesting explanation of the speed effect has been proposed by

Pawelski [31]. He suggests that on entering the roll gap, the lubricant film

between the roll and the strip is subjected to very high strain rates, causing

it to behave in a viscoelastic manner. However, relaxation times of lubri-

cating oils are two to four orders of magnitude shorter than stressing times

calculated for the rolling mill and-in the absence of data on viscoelastic

properties under conditions of high interface pressures, temperatures, and

shear rates-it is difficult to determine the -validity of this suggestion.

6.24 The Coefficient of Frictkon

We have seen in Section 2.2 that the absolute magnitude of the coefficient

of friction is of interest.both from the theoretical and practical point of

view, because of its importanse in the determination of forces, power re-

quirements, md limiting reductions.
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TABLE 6.2

Effect of Speed on Surface Roughness of Pull-Rolled Strip [42]

Reduction, Drawing Speed, Surface Finish,
Material % fpm p in. AA

Aluminum 21.7 0.25 8

21.7 140 90

21.7 550 175

Copper 17.2 0.25 6

17.2 140 30

17.2 550 55

Mild steel 13.1 0.25 9

13.1 140 36

13.1 550 76

Method of Deriving Coefficients of Friction

Coefficient of frict'on values are found in great abundance in the litera-

ture. However, as discussed in Section 5.22, the absolute magnitude of

friction cannot be determined directly under truly relevant conditions; there-

iore, almost all published data are based on indirect derivations. It should

also be emphasized that the coefficient of friction normally quoted is a mean

value over the contact arc.

Even though the true yield stress of the rolled material is seldom known

for conditions prevailing during the rolling operation, friction values were

frequently calculated from measured roll forces. Many investigators used

the theory of either Bland and Ford [32] or that of Stone and Greenberger [38].

While the former entails the use of graphs, it probably gives somewhat more

reliable solutions than the latter whic?,, though more convenient to handle, is

based on rather broad simplifying assumptions. As suggested by Browning

[43], the major discrepancies stem from disregarding the inclination of the

converging roll surfaces in the Stone and Greenberger theory.

On the whole, friction values calculated from forward slip could be re-

garded as more Jeliable and, as shown by Schey [9), most accepted calcula-

ting methods give very simiiar values for ttee!. Agreement was still accept-

able for aluminum, except for the heaviest reductions that approached purely
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boundary contact. Friction values calculated from roll force and from for-

ward slip agreed reasonably well when Ekelund's equations (Eq. 2.12 and

2.14) were used.

Of the other techniques of determining friction, the limitations of the

method of maximum angle of acceptance have already been discussed in

Section 6.21 in conjunction with dry friction. The method of increasing back

tension until the strip begins to skid is generally regarded as the most

reliable, although Dahl [44] has found that the friction coefficients derived

by this technique are consistently higher than those found from forward slip.

The difference may well be attributed to the natural material flow in unin-

hibited rolling as opposed to the artificially unidirectional material !low

obtained when the strip is arrested. The lubricating mechanism must also

be disturbed. The two techniques employed for arresting the strip (Figs.

5. ld and 5. le) give practically identical results, as found by Mtiller and

Funke [45] in the rolling of 0.1% carbon steel at reductions ranging from 10

to 60%. The rust-preventing oil preapplied to the strip served as lubricant;

roll force, torque, and back tension were measured at the point where the

strip began to skid, and the coefficient of friction was determined according

to Whitton and Ford (Eq. 5. 1) and Pavlov (Eq. 5.5). The agreement between

the two sets of results was very close, the coefficient of friction being

typically 0. 15 for all reductions.

Typical Coefficient of Friction Values

Despite all of the above reservations, it is still useful to survey the

range of coefficient of friction values normally found, as an aid to calcula-

tions of roll force and power requirements. -

The discussion in Section 6.21 has shown that the calculated average

coefficient of friction ranges from 0. 3 to 0. 5 (complete sticking) in most

unlubricated hot rolling operations, and is primarily a function of the oxida-

tion of the workpiece material. It is to be expected that friction is also a

function of the roll material. In the experiments of Ekelund [2], steel rolls

gave higher friction than cast iron rolls, and these observations have been

later confirmed by others, for example, by Stone [46]. In a survey of

published friction values, Lucas [47] reports friction coefficients of the

order of 0. 2 fo: the hot rolling of copper, magnesium, and aluminum alloys

with kerosene as a lubricant. The condition of the roll surface is of obvious
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importance. For copper and aluminum, Pavlov [48] quotes friction values

of the order of 0. 25-0.30 for ,--lean coarse-ground rollz, 0.42-0. 45 for

crazed rolls, and 0.55 for rudls coated with the metal.

In unlubricated cold rolling, coefficients of friction of the order of 0.1 to

0. 2 are usually reported for various materials. MacGregor and Palme [49]

calculated p = 0. 17 from ,he measured friction hill in the rolling of aluminum

on dry rolls, while Pavlov [48] calculated p = 0.25 from the maximum angle

of acceptance. Such low friction values may be realistic for materials (e. g.,

steel) that show little adhesion to the roll, but it is likely that they should

be around 0.4 [9) for materials (e. g., aluminum) with marked propensity to

form roll pickup. Brass and copper are unique in that friction remains low

(0. 11-0.14 in Pavlov's experiments) even though the rolls become coated;

this peculiarity has already been mentioned in Section 3.25. Smith et al.

[50] found p = 0.2 for the hot and p = 0. 12 for the cold rolling of copper on

dry rolls, by matching the directly measured friction hill with a calculated

one.

Most publiheid experiments were conducted with rolls carefully degreased

with trichlorethylene or a similar solvent, which actually leaves a boundary

film on the surface (Section 5.66). The films can be removed only by rolling

some dummy workpieces prior to commencement of the actual experimenta-

tion [91.

In lubricated rolling of steel and nonferrous materials, coefficient of

friction values ranging from 0. 08 to 0.15 have been repeatedly reported.

These values appear to be too high in the light of more recent research. As

pointed out by Ford and Ellis [51], pressures and thus the effect of friction

will be overestimated if interface pressures are calculated from the measured

roll force by dividing merely by the plastic arc of contact. For correct re-

sults, the elastic arc of contact must be taken into account. It should be

added that much of the earlier work concentrated on relatively low-speed

laboratory- or plant-scale experiments, with rather inadequate lubrication.

Disregarding the variations due to the method of deriving friction coefficients,

it seems reasonable to say that, on the average, friction coefficients ranging

from 0. 03 to 0.05 should by typical of predominantly hydrodynamic lubrica-

tion, and values around 0. 1 should occur only with materials that are

difficult to lubricate, or at high Whturiace pressures and low sliding v3locities

that cause lubrication to shift into the predominantly boundary regime.
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Effect of Interface Pressure

It must be emphasized that the use of a single average coefficient of

friction value for any given roll and workpiece material combination and

lubricant should be discouraged. Since the operative mechanism in lubri-

cated rolling is mostly of the thin-film type, it is very sensitive to rolling

speed and pass reductions and, or.m would expect, also to interface pressures.

This has indeed been indicated by a number of experiments. Thus, in Fig.

6.15, friction values are plotted as a function of interface pressure for a

number of aluminum alloys and for mild steel according to Schey (9]. The

rapid rise of friction with increasing pressure when rolling with an uncom-

pounded oil is no doubt due to the widespread boundary contact and welding

of asperities, uninhibited because of the absence of suitable additives. As

referred to earlier, LeMay and Vigneron [131 found increasing friction with

increasing interface pressures even for steel. Similarly, the coefficient of

friction was found to rise with initial strip thickness and with work hardening
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Fig. 6. 15. Friction as a function of interface presaure. (1) 99. 99% Al;

(2) and (3) Al-i. 25% Mn; (4) AI-5% Mg; (5) AI-Cu-Mg-sI; (6) Clad Al-Cu-

Mg-Si; (7) low carbon steel, (2) Rolled with base mineral -ni, all others

with compounded oil [9).
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in the work of Zhuchin and Pavlov [52], who derived friction from simultan-

eous measurement of roll torque and force in the rolling of magnetically r.rft

iron alloy on a commercial 4-high rolling mill. Robcrts [53] found that

friction was higher on full-hard 0. 015 in. thick "black plate" than on annealed

material, although the difference disappeared at speeds above 300 fpm (see

also Section 6. 26).

Experiments often failed to reveal the role of interface pressure simply

because conditions did not cover a wide enough range to show an indisputable

effect. This was, for example, the case in the work by Whitton and Ford

[11]. On the other hand, it could also be argued that pressure cannot be

changed without affecting other variables; clearly, this is a problem in need

of further work.

Variation of Friction Along the Arc of Contact

If the coefficient of friction is a function of interface pressure, it must

also vary along the arc of contact (Singer [54]). Indeed, direct measure-

ments of friction variation by the oblique pin technique (Fig. 5. lh) tend to

oonfirm this point. Unfortunately, very few successful measurements have

been reported.

In the hot rolling of 3/4 in. thick and 3/4 in. wide steel specimens at

10500 C with reductlo-as of 20%, Grishkov [55] found friction to increase from

0.17 at the middle of the bar to 0.30 at the edges. Obviously, the narrow-

ness of the workpiece allowed considerable spread and thus reduced the zone

of sticking, giving rise to lower friction values. Van Rooyen and Backofen

[56] measured a friction coefficient of 0.55 near the strip edges and at the
entry plane in the cold rolling of aluminum at 15% reduction on saadblasted

roll surfaces. Friction gradually decreased towards the flow-dividing plane

and reached a value near zero. These experiments seem to contradict the

view that friction should rise with interface pressures; however, it must be

considered that as the product of the coefficient of friction and of interface

pressures exceeds the yield stress of the material in shear, sticking friction

prevails (Section 2.12). Consequently, movement of the material over the

pins is arrested and a coefficient of friction cannot be meaningfully deter-

mined.

Simultaneous measurement o, longitudinal and transverse frictional

forces, with a total of four pressure-sensitive tranabucers built into the roll

surface, by Groevald and Svede-Shvets (571, revealed similar variations
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(Fig. 6.16) in the cold rolling of aluminum and in the hot rolling of iron.

Again, the absence of a transverse frictional force in the middle of the strip

should not be regarded as the absence of friction, but rather as an evidence

of sticking friction. Evidence of sticking zones was found by Van Rooyen and

Backofen [56] from measurements of the separation of parallel marks

machined into the surface of the strip, and by Capus and Cockcroft [58] from

scratches produced on the strip surface by asperities.

It is interesting to note that Brown [ 59] arrived at a frictional force

distribution similar to that shown in Fig. 6.16 from a theoretical analysis of

the normal pressure distribution measured by Siebel and Lueg (20], before

any of the oblique pin measurements were carried out.

A complication is introduced by lateral spread which reduces the forces

acting on the oblique pin [60]. This effect is more marked in dry rolling

because spread is large (Section 6. 26). In fact, strictly valid measurements

are restricted to the middle of the strip, because the principal flow lines

(discussed later in conjunction with Fig. 6.18) prove the presence of some

lateral movement ev~n under ostensibly plane-strain conditions. Since the

principal flow lines also describe the direction of frictional forces, the

measured frictional forces are always somewhat lower than the real ones.

Little attention has been paid to the effect of pass geometry on measured

f•iction. The effect becomes important when the h/L ratio is relatively large

(or L/h small) and causes, as remarked in Section 2.24, marked inhomo-

geneity of deformation. Tarnovskii et al. [61] have shown that at h/L > 0.5,
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Fig. 6.16. Distributio.h of frictional stresses in rolling Armco iron

at 9500C: (a) longitudinal s -eases in strip middle, (b) transverse stresses

along arc of contact L (after Ref. [57 ]).
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a wide zone of sticking friction develops in unlubricated rolling. When tlhe

external friction coefficient is calculated from forward slip, values cor-

respondirg to sticking friction (of the order of 0. 5) are obtained. These re-

sults confirm the contention of Section 2.22-namely, that the method of

calculating friction from forward slip is valid even for sticking friction,

because it essentially reflects the position of the flow-dividing plane in the

bulk of the thick workpiece.

6.25 Friction Hill and Roll Force

The presence of interface friction accounts for the development of the

friction hill (Section 2.23). The classical measurements of Siebel and

Lueg [20] were the first to reveal the pressure distribution along the arc of

contact by recording the pressure exerted on a radial pin embedded in the

roll surface. Interface friction was varied by rolling without a lubricant,

first on smooth rolls and then on rough rolls (Fig. 6.17). Interface pres-

sures were nearly twice as high with the rough rolls as with the smooth rolls,
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Fig. 6. 17. Interface pressure e•stribution in cold rolling aluminum

strip dry on (a) smooth and (b) rough rolls (20).
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and the pressure distribution followed the trends expected from theory for

sliding and partially sticking friction (Fig. 2.4a and b).

In a recent series of measurements, Vater et al. [62] used a large

number of pressure transducers embedded in the roll surface along a line

parallel to the roll axis. When rolling an aluminum-3% magnesiuln .lloy at

40% reduction with a front tension equal to one-half the yield strength of the

material, the use of a lubricant reduced the maximum pressure by about

30%, and the shape of the friction hill also changed in the ±iteral direction.

Without lubrication, interface pressures were reasonably uniform from side

to side, with two small maxima near the edges, after which a very sharp

drop was evident toward the edge itself. With lubrication, a single maximum

occurred at the center; thereafter pressures fell fairly uniformly to the edge.

Whenever the rolled slab is relatively thick (h/L > 0.5), sticking friction

prevails along most of the arc of contact. This is a typical condition of hot

rolling for most workpiece materials, and full sticking has bcen observed

even in lubricated hot rolling of aluminum [63]. As a result of sticking

friction, the friction hill flattens considerably and, as indicated in Fig. 2.4c

by broken lines, a double hump often appears. This has been found by Slebel

and Lueg [20], Astakhov [64], and MacGregor and Palme (49] (the latter

also investigated geometries corresponding to the rolling of thick slabs).

Even more suprisingly, Xnauschner [65] measured a sharp pressure peak at

the entry, and a continuous pressure drop towards the exit in the hot rolling

of steel blooms of approximately squ:are cross-section. Such pressure dis-

tributions cannot be satisfactorily explained from rolling theories relating

to the friction hill; MacGregor and Palme attribute the initial hump to in-

creased resistance to deformation when compresaing with narrow anvils at a

large h/L ratio, while Geleji (66] points to the differences in the direction of

material flow when the length of the arc of contact Is greater than the width

of the billet. No totally satisfactory explanation appears to exist.

While the exact shape of the friction hill is important theoretically as

well as for calculations of roll torque, the average interface pressure is

sufficient for calculations of roll force. Increasing friction invariably raises

roll force, and the effect becomes more noticeable as the ratio of the length

of contact arc to strip thickness (L/h) inerf-tses. Sims [361 has e-1culated

that in reducing a steel strip of 0. 06 ý.n. thickness by 30% on a 10 in. dia-

m~eter work roll, the roll force per inch width increases from 32, 000 lb to
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47, 000 lb while ju increases from 0. 052 to 0. 12. On a thinner strip of 0. 030

in. starting thickness, the corresponding rise would be 27, 000 to 57, 000 lb.

Thus, good lubrication becomes increasingly important as the L/h ratio in-

creases (this effect is analogous to thn' noted in forging, Fig. 2.20b). Con-

sistent and uniform friction is necessary for the rolling of strip with minimum

gage variation.

6. 26. Effect of Friotion on Deformation in the Roli Gap

The simplified treatment of rolling as a special example of plane-strain

deformation assumes that material flow is directed only in the longitudinal

direction. In practice, all rolled material has finite width, and it is inevit-

able that some lateral flow, or spread, should also occur (Section 2. 22). The

actual directions of material flow were first experimentally established by

Siebel and Lueg [20] (Fig. 6.18); lateral flow is clearly evident and resulted

in an increase of width. Similar patterns have been derived by Capus and

Cockcroft !601 from hook-shaped scratches left on the rolled strip by rel-

atively large asperities. It will be noted that some lateral spread occurs

even in the middle of the strip. Plane strain exists, strictly speaking, only

in the middle portion of strips of a width-to-thickness ratio greater than 20.

For the same pass reduction, spread is greater with a larger roll; for the

--- ROLLING DIR.
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Fig. 6. 18. Direction of material flow in dry rolling aluminum str`2

[20).
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same roll diameter, spread increases with the rato of the length of arc of

contact to strip width (Section 2.24). Comparisons are valid only if these

factors are kept consetnt. The magnitude of spread is thus a function of

the roll pass geometry and, of course, of friction. Numerous observations

have been made to shuw that reduced friction also reduces spread (among

others, Pomp et al. [671 BlIligman and Pomp [34], Pavlov and Gallal [68],

Whetzel and Wyle (351, Chckmarev et al. [69), Tsuji et al. [70], and Chitkara

and Johnson [71]). Contradictory results can usually be traced [68] to an in-

valid comparison between dry and lubricated experiments at a constant roll

gap setting. Lubricated rolling will give higher reductions and, therefore,

greater sproad.

The effect of friction on the homogeneity of deformation has been r.oted

in eariier discussion. Incr-asing friction leads to a more pronounced non--

uniformity, as revealed by the curvature of originally vertical straight lines

in the rolled slab (Section 2.24). The effect becomes most marked with

sticking friction; the presence of sticking friction and its effect on deformation

h3s been proven by many means. The spacing and deformation of transverse

lines marked on the slab or strip surface, or in a ve:i-cal plane of symmetry

in composite workpieces, has been frequently used. A reversal of the curva-

ture of grid lines han also been observed very close to the surface by Crane

and Alexander [ 72], indicating reversal of the frictional forces during the

passage of the slab through the roll gap. Various techniques of establishing

zones of sticking have been surveyed and applied by Tarnovskii et al. [611

and Starchenrko [73J.

The magnitude of friction becomes critical once conciitions of limiting

reduction are reached (Set.don 2. 96), because both the rolls and the strip

will then deform as elastic bodies. While the effect iw well known from

practice, few systematic experiments appear to have been made. Limiting

reduction is asually gradually attained; that is, the interface pressure begins

to rise precipitously once a certain reduction is approached. This is eviden.

in Fig. 6.19, taken from the work of Takahashi et al. [74] in the rolling of

0. 006 in. thick iow-carbon steel on 10 in. diameter rolls. It will be noted

that with palm oil or cottonseed oil as a lubricant, reductions are more than

twice those obtained with a spindle oil (mineral oil), both in a single pass and

in multiple pass,.s on the same strip. It is noteworthy that when the
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Fig. 6.19. Limiting reductions in rolling 0. 168 in. steel strip on

250 mm diameter rolls (continuous lines: multiple passes; broken lines:

single passes [74]).

coefficient of friction was calculated for the multiple pass sequence from

Stone's formula [30], a value of 0. 07 was foind for the spindle oil and 0. 055

for the palm oil. Because of the numerous simplifying assumptions used in

developing a theory of minimum thickness, the absolute values of the coef-

ficient of friction are not necessarily accurate; however, it is clear that

even a small change In friction has a very marked effect on attainable strip

thickness. The same conclusion may be drawn from an inspection of Fig.

6. 26, and comparison with Fig. 6.25 will also reveal the effect of greatly

increased roll flattening when full-hard rather than annealed strip is

rolled.

6.27 Effect of Roll Surface Finish

Rolls are usually ground under closely controlled conditions on high-

precision roll grinding machines. Surface roughness is controlled by

choosing a grinding stone with a suitable grit size and by selecting the

appropriate number of passes to be taken in finishing the roll with this stone.

Grinding marks are invariably circumferential, and great care must be taken
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to ensure that they are uniformly distributed and free of microscopic varia-

tions which may reproduce as crosshatch qnd other patterns on the rolled

surface. Because the large flat surfac'ss of rolled products make even minor

variations in surface patterns visible to the naked eye, much effort has been

directed towards controlling the finish attained in the roll grinding process.

An objective means of sensing variations of surface texture, with particular

emphasis on detecting cross-he tch patterns arising from grinding wheel ec-

centricity or vibrations in the grinding machine, is desirable. An instrument

described by May [751 accomplishes the task by finding a scatter index.

Coupled with profilometric surface roughness determinations, a more quanti-

tative assessment of surface quality may be obtained than by either method

alone.

Roll surfaces are usually rough for hot rolling, in order to assure a high

enough coefficient of friction for acceptance of the slab into the roll gap at

heavy reductions. Surface roughnesses of 40 to 120 p in. AA in a transverse

direction are fairly typical. In the early passes of hot rolling steel on bloom-

ing and billet mills (producing rounds and sections) even the maximum re-

duction afforded by dry, coarse-ground rolls is insufficient for economical

production. The surface can be artificially roughened by machining trans-

verse trapezoidal, or other systematic patterns into the roll surface [76].

The surface finish for cold rolling is governed by a number of factors.

A ground finish of, say, 401 in. AA may be desirable for sheet that is sub-

sequently painted, enameled, or otherwise coated because the rougher

finish thus produced provides some mechanical key for the coating. Smoother

ground fi•,sh (of the order of 10p, in. AA) is more common for visual appeal,

and polished rolls of typically 2- 4 1L in. AA are used for the production of

"mirror finish" sheet or foil.

A fairly coarse (40-60p !n. AA) random finish Is often preferred for

automotive body and applicance sheet, which will be subsequently painted or

enameled. Such ro1.l surfaces are usually produced by grit blasting [77, 78).

Because lubrication is of the thin-film type, the roll surface finish has

a profound influence on friction and lubrication. A ground finish presents

rather sharp and large ridges thzt penetrate the rolled material, and may

break through the lubricant film. Boundary contact is likely to occur at

these points at early stages; therefore, high friction values will be registered.

On the other hand, more viscous luibricants are more readily trapped in the
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troughs; therefore, hydrodynamic pockets may persist longer even under

heavier reductions. Variations in roll surface finish therefore manifest

thenselves in a number of ways. A small increase in surface roughness may

cause a very large increase in roll forces, especially if metal-to-metal con-

tact leads to junction formation-for example, in the rolling of aluminum

(Fig. 6.3). Predictably, the effect is smaller on steel with its .1ser tendency

to adhesion (Table 6.3 and Fig. 6. 20). It will be noted though from Fig.

6.20 that the effect is also a function of lubricant viscosity: tallow, which

gave an almost full-fluid film, was least sensitive to surface finish.

The importance of roll surface finish in trapping lubricants was also

demonstrated in experiments by Sims and Arthur [251. On accelerating from

8 to 300 fpm in rolling 0. 037 in. thick copper strip, the coefficient of friction

dropped from 0. 056 to 0. 039 with mirror finish (4p in. AA) rolls; a much

larger drop from 0. 080 to 0. 048 was calculated for the matte finish (22 A in.

AA) rolls. Thus, even though the absolute value of friction is higher with the

rougher roll finish, the improvement due to increased lubricant put through

is more marked.

Mechanical entrapment of lubricants should be promoted by rolls that are

transversely ground (parallel to the roll axis). Some experiments conducted

at the BISRA laboratories, and referred to by Thorp [15] showed promising

initial results, but rapid wear of the as-ground finish made the technique

impracticable.

TABLE 6.3

Effect of Speed and Roll Surface Finish on the Coefficient of Friction
in Rolling Low-Carbon Steel Strip [151

Coefficient of Friction*

Mirror-Finish Roll Medium-Finish Roll
(O. 8 in.AA) (8 in.

Lubricant Low Speed High Speed Low Speed H gh Speed

Benzene 0.16 0.13 0.22 0.17

Dodecane 0.12 0.10 0.16 0.11

Stearic acid 0. 068 0. 075

*Calculated according to Bland and Ford [321.



6. ROLLING LUBRICATION 371

i 0.14,- \ d

2f
0.12 . /, .

(XI.

0.06

0.06 b'\f

0.0 4 I I ' - r "
0 10 20 30 40 50 60

PASS REDUCTION, %

C SMOOTH RL4
b ..... COMM, OIL

C ~ ~ RAPESEED OIL
d-.. ROUGH ROLLS= -Of
* -..-..- SMOOTH ROLLSI
f ................ ROUGH ROLLS =1O

Fig. 6.20. Effect of roll surface roughness and lubricant on friction in

iolling low carbon steel strips [14].

6.28 Effect on Product Quality

The magnitude and distribution of interface friction and the mechanism

of lubrication are potent factors In controlling the quality of the finished

product. Surface appearance is the most obvious variable, but shape and

mechanical properties are also affected.

Strip Surface Finish

The discussion of lubricating mechanisms (Section 6.21) has shown that

the finish of the rolled product depends not only on the surface finish of the

roll but also on the lubricant itself. With predominantly hydrodynamic lubri-

cation, the imprints of hydrodynamic pockets make the surface appear dull.

In a detailed evaluation of rolled surfaces, Thomson [79] showed that the sur-

face pattern reflects the grain boundaries and slip lines in initially soft mater-

ial. Differential plastic deformation of the surface produced channels in the

rolling direction at lower reductions, while transverse channels (similar to

Fig. 6.4a) initiatl]'• at slip bands were dominant at heavier reductions.

As conformance to the roll surface increases with a shift towards

boundary conditions, the surface brightens. Brighter strip is obtained with



372 JOHN A. SCHEY

purely boundary contact not only because hydrodynamic pockets are smaller

and fewer (Fig. 6.4) but also because higher friction forces the neutral plane
further back from the exit plane and forward slip increases, causing a

burnishing of the strip surface by the more rapidly moving roll surface. It

is for this reason that, in practice, the lubricant is intentionally degraded

when bright finish is desired. Brighter material is rolled on large-diameter

rolls (long arc of contact) of bright finish, at low rolling speeds (in order to

discourage hydrodynamic lubrication) with a very light lubricant (high friction

and forward slip). Even the brightest strip is often damaged on a micro-

scopic scale, as illustrated by Fig. 6.4f, but the damage is uniform and does

not appear to penetrate to a great depth, at least in the few samples investi-

gated, especially if the rolling process is properly controlled.

Surface defects of a larger scale and more undesirable nature have been

studied by Thomson and Hoggart [801. Damaged or heavily worn or corroded

rolls were prone to pick up material from the workpiece, and caused tearing

and extensive damage in the rolled surfaces. Damage was more severe on

aluminum and steel and less so on copper.

Rolled surfaces occasionally exhibit more or less periodic variations in

surface brightness. Thomson and Hoggart [80] found that alternating duller

and brighter bands formed perpendicular to the rolling direction on copper

stripu rolled with a very viscous lubricant; the alternation of these surfaces

was asý,ciated with periodic forward movement of the strip in th'. rnlls,

apparently as a result of excessive lubricant viscosity. Transverse bands

were also observed under severe conditions with relatively poor boundary

lubrication. These were attributed to stick-slip motion, which was sus-

pected to initiate torsional oscillations in the rolls and drive. A small

periodic increase in strip thickness was attributed to material built up in the

sticking part of the cycle. At heavier reductions (of the order of 85%) bands

occurred at a higher frequency and were ascribed to transverse vibrations

in the mill.

A detailed evaluation of transverse ripple has been reported by Moller

and Hoggart (81]. In the rolling of 1. 5 or 2 in. wide alurrinum alloy strip

on a rolling mill equipped with roll force and torque measuring devices, they

found that the ripple originated from torsional vibration of the rolls. Vibra-

tion could be initiated by any sudden change in torque-for example, by the

entry of thc strip into the roll gap or by gage variations-but the vibration
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was stable and self-sustaining only when the coefficient of friction decreased

with increasing speed. In contrast, vibrations were damped out if friction

rose with increasing speed. The amplitude of vibration depended on the slope

of the descending portion of the friction vs. speed curve. Since lubricants of

lower viscosity developed more positive speed effect, they were also prone

to give more ripple. The torsional vibration showed up clearly on the torque

recordings and was always in phase for the two spindles; no corresponding

variation was found in roll force. The period of torque variation and the

frequency determined from the spacing of the ripple coincided with the natural

frequency of the rolls and shafts considered as a torsional pendulum.

Transverse bands of brighter and duller appearance are, in practice,

often described as gear ripple even though it is not certain that the gear drive

is really responsible for the phenomenon. Ripple occurring at an angle or in

a symmetrical pattern is frequently referred to as herringbone and is most

predominant on aluminum. Although its cause has not been identified, it is

definitely affected by lubrication, and may often be made to disappe'kr by in-

creasing either lubricant viscosity or rolling speed. This suggests that, at

the onset of the defect, changeover from predominantly hydrodynamic to

predominantly boundary lubrication may take place in a periodic fashion. A

defect of similar appearance sometimes found on temper rolling steel mills

is no way connected; temper rolling is usually conducted dry, and the ripple

is a sign of periodic yielding of the strip material.

Apart from the visual changes in the appearance of the rolled product,

the effect of lubrication on surface finish can be followed also by surface

roughness measurements. From the discussion of the thin-film lubricating

mechanism (Section 6. 21) it is evident that the as-rolled surface finish will be

a function of the initial surface finish of the strip, the surface finish of the

rolls, and the lubricant and process conditions that determine the extent of

bounJary and hydrodynamic contaft. High viscosities and high rolling speeds

cause a roughening ol the surface (see also Sections 6.22 and 6.23). Thus,

Ford and Wistreich 1821 reported the surface finish of a copper strip deter-

iorating from an initial 14ju in. AA value to 23 u in. AA as a result of rolling

on smooth rolls (of 9p in. AA roughness) with castor oil as a lubricant.

Similar observations were made by others [15, 16, 42, 79]. Roughening due

to hydrodynamic pockets has often been referred to as surface damage, and

is sometimes attributed to a tearing of particles out of the surface. This
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interpretation is obviously erroneous, and while hydrodynamic pockets cer-

tainly change the appearance and roughness of the surface, one cannot speak

of surface damage.

Whitton and Ford [11] found that the surface of the rolled strip remained

unchanged in the longitudinal direction but worsened in the transverse direc-

tion with lubricants of moderate friction (AL = 0. 055-0. 070). This is probably
typical of slower speed rolling at moderate reductions. True damage to the

surface occurs when lubrication is predominantly boundary and the strip
material tends to adhere to the roll surface (Fig. 6.4.). Such strip may

nevertheless by very bright, even though surface appearance and measured

surface roughness reveal the presence of smeared-over junctions. The

optimum finish, defined as the brightest strip with minimum surface damage,

would be obtained at the changeover point from predominantly hydrodynamic

to predominantly boundary lubrication, corresponding to the knee in the
curves of Fig. 6.3; but, as mentioned, this is the zone suspected to be most

prone to the herringbone defect.

Strip Shape

A flat product is rolled only if reductions-and, consequently, elonga-

tion-are uniform across the whole width of the sheet. This may be attained

on a strip of uniform cross-section only if the roll gap is parallel. Since

the roll force causes the rolls to bend, they are ground to a barrel shape and
this "ground camber," combined with the barrel shape developed during roll-

ing on account of heating ("thermal camber"), must be of the exact magnitude

to counteract bending by the roll force and thus present a parallel gap with

the rolls deflected. In practice, the strip is usually rolled with a slightly

thicker middle ("crown") to prevent it from wandering sideways in the roll

gap; the roll gap must then conform to this thickness variation.

Poor lubrication manifests itself in a number of ways. Increasing

friction means increasing heat generation, and the rolls are likely to assume

a greater thermal camber then would be normally allowed for. Consequently,

the middle Gf the sheet is elongated more and poor shape (long middle)

develops. The edges of the sheet become tight in rolling with tension, and

edge cracking or splitting may occur. Localized poor shape may be the
result of a block-d coolant nozzle, which allows local heating and increase in

roll diameter. On starting up the mill, or when the cooling effect of the

lubricant is excessive, proper thermal camber does not develop and the
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strip is rolled with a long (wavy) edge. For these reasons the control of

shape is intricately interwoven with lubricant and coolant distribution and

application practices. A discussion of this complex subject has been given

by Pearson [83].

Mechanical Properties

Friction and lubrication may influence the properties of the finished

product in two ways.

Firstly, the temperature of the rolled strip depends on the lubricating

and cooling capacity of the lubricant. Some materials that soften at relatively

low temperatures (such as aluminum and some of its alloys) may show a

lower as-rolled hardness if friction is allowed to rise or cooling is inade-

quate. In hot rolling, of course, the cooling efficiency of the lubricant may

be a decisive factor in determining the properties of the as-rolled sheet

through its influence on finishing temperatures.

Secondly, friction can also cause variations in properties within the

rolled workpiece. If sticking friction is attained over part of the arc of con-

tact, deformation becomes inhomogeneous and, at small L/h (large h/L)

ratios, marked differences may be found in the hardness of a cold-rolled
product or the recrystallized grain structure of a hot-rolled product in the

thickness direction. Hundy and Singer [84] rolled 0. 2 in. thick specimens

on a 10 in. diameter mill with various lubricants. An "1inhomogeneity

factor" was derived as the difference in hardness between the core and the

surface, as a percentage of the core hardness. Inhomogeneity decreased as

friction dropped (Fig. 6.21), in agreement with expectations (Section 2.24).

With very light reductions, inhomogeneity was evident even with the best
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Fig. 6. 21. Effect of lubricant on inhomogenelty in cold rolling copper [84].
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lubricant, because the L/h ratio was small. At LAh values of the order cf

unity (approximately 6% reduction if roll flattening Is ignored) the effect wae

most marked. At high LA values more typical of production rolling of sheet,

deformation becomes homogeneous irrespective of the lubricant used (reduc-

tions in excess of 15% in these experiments).

Varich et al. [851 sought to determine the effect of lubricants on the

texture of cold-rolled sheet; however, interpretation of their results is dif-

ficult because pass reduction was not kept constant.

6.29 Roll Wear

The importance of a closely controlled and reproducible roll surface

finish has been discussed in Sections 6.27 and 6.28. Wear of the rolls

gradually changes this finish and also leads to unacceptable dimensional

changes which finally cause the rolls to be withdrawn and dressed (reground,

occasionally also shot peened). Localized pressure changes at the edge of the

rolled strip lead to localized wear; therefore, it is customary to start a

rolling program with the widest strip and to change gradually to .ho narrower

ones (although a narrow strip is usually rolled first to develop thermal

camber after a shutdown).

Wear and its causes have been the subject of extensive investigations

(86-88]. While this work has been directed toward wear in the rolling of

steel, some of the conclusions are of universal validity and will be discussed

here.

hi hot rolling, abrasive wear is initiated by the oxides of most metals.

This wear is rather uniform ane. gradual. Thermal fatigue caused by rapid

heating on contact with the hot workpiece, followed by quenching from the

cooling water or lubricant, results in cracks (crazing), while fatigue due to

high contact stresses leads to a separation of surface layers (spelling). The

same mechanisms contribute to wear of rolls when the workpiece material

adheres to the roll surface, except that abrasive wear now plays a subor-

dinate role.

Abrasive and adhesive wear are important In cold rolling too, and are

controlled primarily by the choice of lubricant. A good lubricant minimizes

wear and also assurei its uniformity. This results first in a smoothing of

the originally rougn ground surfaces but, gradually, localized wear patterns

on the smoothened or originally smooth rolls appear. A worn roll 1b likely
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to present more points at which lubricant breakdown may occur, thus wear

becomes more severe and a sumes an accelerating trend. With a poorer

lubricant, roll pickup may also occur, which in turn ruins the strip surface,

and may also accelerate the rate of wear both on the roll and on the workpiece.

Skidding or accidental damage such as indentation of the roll surface may be

severe enough to cause immediate withdrawal of the rolls. Apart from such

damage, however, spalling is the most likely cause of severe roll wear,

Spalling is controlled primarily by the magnitude of contact stresses, and

roll life may be extended by removing the heavily strain-hardened surface

layer.

Few reported attempts have been made at increasing the life of the roll

by choosing a roll surface of low adhesion or high wear resistance.

Spenceley [89] found lower wear rates and a more consistent strip surface

finish when the work rolls of four-high and cf SendziLuir mills were electro-
lytically coated with a hard chrome layer of less than 0. 001 in. thickness.

Plating apparently delayed the wear of rough-ground finishes also, thus

extending useful roll life. It is believed, however, that repeated elastic

deformation of the roll mey cause separation of plated layers, and diffusion

coatings may be preferable in this respect. Newnham and Shey [901 observed

that boronized roll surfaces gave lower friction in hot-rolling 7075 aluminum

alloy and a nickel-base superalloy, but the laboratory expeiiments were

obviously inadequate to judge wear resistance under production conditions.

6.3 ROLLING LUBRICANYS

In principle, all lubricants discussed in Chapter 4 could serve as rolling

lubricants. However, in practical applications there is always a simulta-

neous need for cooling the rolls and/or the rolled product. Consequently,

lubricants are chosen as much for their cooling ability as for their lubrica-

ting function or, if the two cannot be obtained in the same material, the

lubricating agent is applied with or in a cooling medium.

6.31 Neat Lubricants

Occasionally-for example, in laboratory or small-scale industrial

rolling of strip and shcet-control of the heat balance is of minor concern,

and then the lubricant choice may be entirely governed by the specific needs

of the process. Thus, highly viscous or even solid lubricants may be used to
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reduce frTiction, or a poorer lubricant may be chosen for improved surfac

finish. Tn either case, friction must be high enough to allow ente-ing the

workpiece into the roll gap; chamfering or pointing the nose end of the billet

or strip will help acceptance. The following lubricant classes may be

considered:

Mineral Oils

These are suitable lubricants for workpiece materials that show only

moderate adhesion to the roll surface. A lower viscosity oil will be chosen

for a bright surface finish, a heavier oil for lower friction but duller finish.

Mineral oil compounded with boundary or extreme pressure additives are

useful when more reactive materials are rolled.

Fatty Oils and Derivatives

Members of this group, especially palm oil, apeseed oil, cottonseed

oil, and castor oil have been extensively used partly because of their ready

availability and partly because of their favorable combination of viscosity

and boundary lubricating action. Friction is usually low and the rolled sur-

face matte.

Extreme Pressure Compounds

Undiluted compounds, especially chlorinated paraffins are popular for

the rolling of reactive materials that do not respond to boundary additives,

for example, stainless steel. Sulfochlorinated hydrocarbons and sulfurized

fatty oils (e. g., sperm oi. •re also used for metals not sensitive to sulfur

staining on annealing.

Solid Lubricants

The only solid lubricant that has found some acceptance is polytetra-

fluoroethylene (PTFE), applied to the strip surface prior to rolling from a

trichlorotrifluoroethana dispersion. After the evaporation of the solvent, a

thin continuous film remains which then ser•,es as a lubricant over a number

of passes.

Lamellar solids such as graphite and molybedenum aisulfide are used

to a limited extent in, the hot and cold rolling of some difficult-to-form

materials. Mostly they are applied in a carrier consisting of a mineral oil

or a grease; occasionally, they may be applied to the workpiece surface in

a volatile carrier prior to heating.
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Some refractory metals and difficalt-to-form materials are rolled after

canning, but the canning nraterial is seldom soft enough to lower interface

friction.

6.32 Oil-Base Systems

When the lubricant is required to cool as well as lubricate, the greatest

benefit would obviously be derived from an aqueous system. However,

undesirable side effects, mainly that of staining or cc;.*rosion on some

materials, have led to the widescale adoption of oil-base sy3tems. While
these do not provide the same cof91ing capacity as aqueous lubricants, free-

dom from corrosion is readily attained and lubricating qualities, surface

finish of the product, and staining tendencies are more easily controlled.

Oil-base lubricants usually contain a small quantity of boundary or ex-

treme pressure additive incorporated into a mineral oil of carefully defined

quality. Lower viscosity oils art e•asler to apply, recirculate, and filter,

and the surface finish is brighter. Heavier lubricants, however, assure

lower friction because lubrication becomes predominantly hydrodynamic;

therefore, lubricant vianosity is usually chosen at the maximum that is corn-

patible with ease of application and with freedom frcm staining at the anneal-

ing temperatures typical of the rolled material. Small quantities of chemicals

are usually vdded for greater oxidation stabillty and reduced corrosion pro-

pensity.

6.33 Aqueous Systems

All aqueous systems are composed 4 i an oil phase and a wvater phase.

Terminology is rather diffuse and often misleading; the following terms will

bc tdopted thro'ighout this chapter.

Direct application: the strip is precoated with the lubricant, usually r

fatty oil, and the water is applied at the rolling mill. There is, of course,

no purpose in recirculating the water, and the collectet water-frt, mixture is

either put through a reclaiming process or, after skimming the separated

oil, the remnant is dumled into a river or lake. Because of the serious

jxllution it causes, the latter method is rapidly tL-Andling.

Mechanical dispersions: the lubricant, again typically a tatty oil, is

mixed into water and broken up into globules by continuous mechaniical agita-

tior, The d'spersed phase separates immediately ,n standing, and may
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present prublems in recircuhtlng systems. Frequently, the ready-mixed

lubricant is applied to the mill and the collected used mixture is disposed of

(total loss system); it then presents the same problems as the direct appli-

cation method. In fact, this technique is also referred to as direct applica-

tion.

Unstable Emulsions: a small amount of emulsifier added to the lubricant

(whether a fatty oil or a mineral oil) causes the oil to break up into relatively

large globules, which form an emulsion that can be kept reasonably homo-

geneous with only a 1 derate amount of agitation, such as may be provided

by the pumping action of a recirculating system. Such emulsions, like mech-

anical dispersions, are believed to become effective through "plating out" of

the lubricant phase on the strip and roll surface, thus providing essentially the

lubricity of the dispersed phase.

Stable emulsions: a carefully prepared concentrate containing the

lubrcant (mineral oil, fatty oil, or wax) and emulsifier is diluted with water

In the lubricant system of the rolling mill, to form a stable emulsion that

remains homogeneous for a prolonged period uf time even when allowed to

atand in a settling tank. Additives designed to prevent corrosion, foaming,

bacteriological attack, and oxidation are frequently incorporated. Such

emulsions are provided with the necessary lubricating additives and need

not be "aged." The rather ill-defined term "aging" is used to describe

changes taking place after running for some period of time. Some emulsions

develop their best performance after decomposition has produced more

active constituents or, possibly, changed the stability toward faster "plating

out. "

Solutions: true solutions nmde of water-soluble compounds are rarely

used for lubrication purposes; howevar, they fulfill a very important functio,

as coolants, especially in hot rolling, when merely the addition of a corro-

sion inhi'ltwr is necessary to prevent rusting of ýhe mill equipment or of the

rolled product. They also serve as lubricants for resin-impregnated fabric

bearings.

It will be noted that the above nomenclature is in agreement with that

adopted in Chapter 4 and that Lte term "soluble oil, " which has eometimec

been used iudiscriminatelv for mechanical dispersions as well as true

emulsions, has been avoided. It will be used in discussIng experimental
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work and plant practices cnly when it is impossible to deterimine from the

original publication whether the lubricant was a mechanical dispersion or

true emulsion.

6.34 Lubricant Application and Treatment

Lubricant Application

In experimental work and pilot-scale productiom on sheet or strip it is

often tdequate to apply the lubricant by a brush, cotton swab, or rag to the

roll surface and/or strip surface. Even for the lowest speed strip rolling,

however, it is essential that the lubricant should be distributed evenly. This

could be accomplished simply by passing the strip through felt pads (press

wiperr) wVlhich are saturated with the lubricant; lubricant may be, replenished

by drip feed onto the wiper. The press wipers may be replaced with felt or

foam .-ubber (plastic) rollers, particularly if rolling speeds are somewhat

higher. Felt, bristle, or wood wipers may also be applied against the roll

surface under a controlled pressure. This helps to spread the lubricant

evenly and also catches loose debris that may be otherwise rolled into the

strip surface.

It should be emphasized that ,niform and reproducible lubricant applica-

tion is crucial for experimental work of any value. A simplified form of

recirculation or total loss system (Fig. 6. 22)--incorporating a pump P, a

heater H, and a mixer M-is often desirable. The preparation of the strip

surface (as discussed in Section 5.66) is, of course, equally important.

Fig. 6. 22. Experimental lubricant application system.
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If the heat generated during rolling is high enough to cause unacceptable

temperature rise in the roll gap, the lubricant (whether oil- or water-base)

must be applied through a suitably designed system of jets. A large number

of jets is normally arranged in banks, parallel with. the roll axis. Jets can

be directed either onto the roll surface, into the roll gap, and/or onto the

surface of the entering strip. A second bank of jets is frequently located on

top of the roll (or back-up roll in four-high mills) in order to cool it. It is

desirable that flow through each jet should be individually adjustable so that

lubricant flow may be modified to provide control over thermal camber and

thus facilitate the rolling of flat strip.

The lubricant is supplied to the jets by pumps at pressures ranging from

a few pounds to several hundred pounds per square inch. There appears to

be no general agreement on the most desirable pressures. Proponents of

high pressure application claim that impingement of the high-velocity jet on

the roll and strip surf ,e helps to break up a stagnant layer of the lubricant

or of steam and thus increases heat transfer. Adherents of the low-pressure

school regard quantity of lubricant and wetting as more important for optimum

cooling. No rigorous study of the variables appears to have been published.

The lubricant quantities available for cooling purposes were rather in-

adequate on older mills, but newer mills are usually built with lubricant

systems that can carry away 75 to 100% of all heat generated in rolling. The

simplest way of determining the necessary heat capacity is to take the ther-

mal equival.ant of the maximum horsepower that the drive motors can deliver

continuousiy. This isually leads to a lubricant supply rate of several hundred

to several thousand gallons a minute per mill stand. Tselikov and Smirnov

[911 proposed a simple empirical formula for the determination of emulsion

consumption Q (in liters/min) in cold rolling steel strip mills:

Q = vbz

where v = maximum rolling speed in the last stand (m/sec); b = maximum

width of the rolled strip (cm); z = number of stands. They also quote ex-

perimental work according to which 65-75% of the total heat generated is

carried away by the emulsion, 18-25% by the strip, while only small fractions

are transmitted from the strip and the rolls to the surrounding atmosphere.

The temperature rise in the emulsion is taken to be 120 to 150C.
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Recirculating Systems

A suitably constructed, readily cleanable pit is provided under the mill

for catching the coolant and, except for total loss systems, the lubricant is

then returned into a tank (reservoir).

The size of the tank is determined by the requisite flow rate and reten-

tion time. The longer the retention time, the more of the metallic and non-

metallic fines and contaminants entering the system will have time to settle

out. Too long a retention time, however, becomes uneconomical because of

the cost of the tank and because smaller particles will not settle out even on

prolonged holding; also, relatively unstable emulsions and, particularly,

mechanical dispersions would break. Thus, Wettach [921 quotes 6 sec as the

time taken by a 0.5 mnm diameter sand particle to settle 1 ft in still water.

Fine sand of 0.05 in. diameter takes 2 min, while Ailt of 0.005 mm diameter

takes over 2 hr. While rebeention times of up to 30 mrin are often allowed in

oil-base systems because of the higher viscosity of the lubricant, retention

times of 10 to 20 min are typical for stable emulsions, and only 5 to 6 miin

for mechanical dispersions.

Decantation and sklmrling [931 of contaminants rising to the tank surface

is practiced even in modern systems. Dumping of skimmings and of filter

cakes is normally objectionable, and reclamation of the trapped oil for some

secondary purpose is economical.

Frequently, the tank is also equipped with a heat exchanger, which facilitates

rapid preheating of the lubricant for a cold start and cooling of the system once

heat input from the rolling operation exceeds heat losses. The temperature at

which the bath is operated depends on the lubricant: temperatures of 600 to

700 C are usual for mechanical dispersions, 50" to 60"C for unstable emul-

sions, and 35" to 35 0 C for stable emulsions. The temperature of mineral oils

is usually held around 30'C to 35 C although higher temperatures may be de-

sirable for higher viscosity lubricants, and lower temperatures for very light

mineral cuts (kerosene) of low flash point. The heat exchanger usually utilizes

water or, in areas with limited water supply, air.

Particles too small to separate by gravity accumulate gradually in the

system and, coupled with undesirable contamination from tramp oils (by--

draulic and bearing oils), wvill make the lubricant rejectable after a few weeks

of use even in the larger systems. The lubricant must then be changed and

the used bath reclaimed or dumped; neither course is very economical, and

dumpir, can also present a pollution problem.
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When the mill is shut down for any reason, lubricant circulation is

usually maintained to preserve homogeneity and temperature control. All

systems are designed so that there should be no dead corners and difficult-

to-reach parts, but the piping is usually designed for turbulent flow to

assure complete mixing especially in unstable emulsions or mechanical dis-

persions, Some systems designed for mechanical dispersions incorporate

baffles in the tank to assure maximum turbulence, but it would seem that

cleaning must present problems.

Some mills are equipped with two or three separate systems that serve

the purpose of either providing different lubricants to various stands of a

tandem mill, or allowing rapid changeover of lubricants for different duties

[941. Combination total loss and recirculating systems have also been in-

stalled [951 for tinplate and double reduced tinplate rolling. For direct ap-

plication tanks are of 1000-25, 000 gal size. Recirculating systems incor-

porate reservoirs of 5000-50, 000 gal capacity. The used solution is pumped

to a process tank equipped with oil skimmers and sludge scrapers.

Filtration

Most modern mills and many of the older ones are now equipped with

filtration systems. The complexity of the system is usually dictated by the

maximum size of fines that can-according to experience-be tolerated, and

by the particle size of the dispersed phase in an aqueous system. A typical

system is shovni in Fig. 6.23.

The lubricant returning from the mill is first passed through mechanical

filters, which may take the shape of a flat filter bed or tubular or sacklike

filters. A positive pressure (or vacuum on the underside of the filter) is

often applied partly to increase filtering rates and prevent retention of the

dispersed phase of unstable emulsions or mechanical dispersions, and partly

to effect some cooling by breaking up the stream [96]. Filtration to a

particle size of approximately 100 microns is possible with continuous filter-

ing bands made of some durable material such as stainless steel, cotton, or

nylon mesh, and the sludge cake is then blown off by steam or air. Nonwoven

fabrics of cellulose or other fibrous materials are used only once and are

disposed of when clogged, either by changing the cartridges or bags, or by

advancing the filtering medium from a roll over a flat filter bed. Filtration

down to particle sizes of 10-20 microns is possible. As noted by El Hindi

[971, a filter rated for 100 micro is removes finer particles by first building
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Fig. 6. 23. Typical recirculating system for oil-base lubricants.

up a s'~diment cake of larger particles. A pressure drop of 0. 5 to 2 psi is

recommended because pressures as high as 6 psi will extrude gelatinous con-

taminants through filter papers or fabrics. Even particles smaller than 10

microns may be removed by depth filtration through the filter cake. Suggested

flow rates are 20-25 gpm/sq ft filter area.

Filtration to the micron size and below is possible with diatomaceous and

fuller's earth filters which are normally applied over a perforated or woven

metal screen [981. They may be of the disposable cartridge, bulk pack, or

precoat type. The latter is a complex but economical system in which the

filter medium (precoat) is mixed with a measured quantity of clean oil, then

circulated through the filter so that a uniform precoat bed is deposited on the

tubular element. The used lubricant is then circulated from the storage tank

through the filter bed, often with the addition of "filter aid" (powdered earth,

which increases the length of the filtration cycle by maintaining porosity in

the bed of impurities that gradually deposits on the precoated element. When

the pressure drop in the filter increases to 30 psi, lubricant supply is cut

off and the sludge is blown off the filter element. Since emulsifiers would

adhere to the filtering medium, emulsions cannot be treated in this way.

Mineral oil base lubricants also tend to lose some of their surface-active

additives by adsorption on the filtering medium. Modern piants are auto-

matically operated, filtering cycles being controlled by pressure drops, tem-

peratures, and other critical indicators.

Centrifuges and magnetic separators are a useful addition to many

filtering plants, and often assure adequate cleanliness of lubricants that

could not be treated in earth filters [93].
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Filtration was first applied to aluminum rolling lubricants [99] and is

increasingly used on steel mills [100, 101, 92-94]. Special care is exercised

in treating lubricants for Sendzimir and other mills in which the lubricant,

whether mineral oil or water base, also serves as a bearing lubricant

[102-105].

The complexity of the system is a function of the material rolled. Steel

and brass mills often find a mechanical filter or centrifuge adequate even in

a 15-20% bypass flow. The full flow is passed through mechanical filters

on mills rolling stainless steel and aluminum, and an earth filter in a bypass

circuit is added for mineral oil base lubricants.

Possible contaminants are of a great variety [97] -among others, tramp

oils, metallic soaps (developed through reactions with the rolled metal and

with the water hardness), inverted emulsions, solid metallic particles, non-

metallic particles (wood slivers, paper shreds, and cigarette butts, especial-

ly with filter tips), and water hardness. Solid particles (wear debris) may
range from 10 microns to submicron size. Tramp oils lroma -earings,

hydraulic systems, etc., are probably the most troublesome because they

enter emulsions and mineral oil base lubricants, changing their composition

and lubricating ability, and may lead to staining. Great care is now taken in

designing rolling equipment as a system, with due regard to dangers of con-

tamination [106, 1071. Bearing seals have been improved, and rcller bear-

ings are often mist-lubricatAd, allowing the rolling oil or the neat emulsion

concentrate to be used.

RecirL.ulating systems may represent substantial capital investment,

yet are found economical by extending the life of the lubricant bath over

several months or years. It is then only necessary to provide makeup in the

form of water, emulsion concentrate, or mineral oil and additives. A well-

run rolling lubricant plant is usually carefully controlled, and samples are

taken at regular intervals to assess viscosity, composition (including fatty

oil and free fatty acid content), wetting, ash content, stability, pH, and other

applicable criteria.

6.35 Lubricant Removal

While the cooling and lubricating properties of the rolling oil are in-

dispensable, excess oil left on the strip surface is not only wasteful but also

creates problems with staining or corrosion. Therefore, every effort is
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made to reduce the residual oil quantity. Air jets directed away from the

strip center ("air knives") are commonly installed at the exit side of the mill

and, occasionally, wipers or squeeze rolls are also used. The amount of dirt

left on the strip is tested either by simply wiping the surface with a white

paper or, after stopping the mill, by pressing adhesive cellophane tape on

the surface to strip oft the dirt particles for examination under the micro-

scope [108].

For special applications, the residual oil may be removed from the sur-

face by some degreasing procedure or, in aqueous lubricant systems, t• ast

stand may be supplied with a detergent solution for the production of so-called

"I'mill clean" sheet. Nonferrous sheet subjected to subsequent annealing is

seldom cleaned; rather, the lubricant is chosen to evaporate or decompose

at the annealing temperature without leaving objectionable residue.

Lubrication practices change from plant to plant even for the same

nominal duty. Although improved lubricants are always sought, changes

cannot be made lightly because of the large quantities involved and because

of the danger of ruining a substantial quantity of rolled product or causing a

complete stoppage. Some of the defects may be rather subtle, causing only

a slight change in the rate of dirt generation, which can be sufficient, how-

ever, to cause a dirty strip surface and impose extra requirements on the

fiL.ration system. While some lubricants may be very successful in reducing

friction, separation of a heavy phase could cause uncontrollable sideways

skidding of the strip, skidding of the work rolls on the strip surface, or

skidding of the backup rolls on the work rolls during startup and stopping.

Emulsions that are unstable in the presence of tramp oils or do not tolerate

certain waters may age or break prematurely. Invert emulsions (water in

oil emulsions) may form that behave like free oil; they pick up dirt and float

on the surface of the tanks. They are good lubricants, but cause skidding if

they find their way into the lubricant supply jets. Because of the many

factors involved, the selection and changeover to a new lubricant must be

preceded by a careful evaluation of all ramifications [109].

f. • LUBRICANTS FOR FERROUS MATERIALS

St.c' v -*ii r '•oduced in the largest quantity of any metallic materials.

The ,n' ý,,weel is rolled Into flat products, with cast ingots or con-

tinuo: • l•abs or billets serving as the starting material. Heavy plates
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(thicker than 1/2 in.) weighing sometimes up to 80 tons are hot-rolled on

reversing mills as are slabs for further rolling into wide strip. Most strip

is hot rolled at wide widths (typically, between 24 and 100 in.) on mills com-

prising 6 to 10 stands arranged in line, with the last stands forming a con-

tinuous (tandem) rolling mill in which the strip is passing through several

stands at the same time. The finished product is a hot-rolled coil (also

called "breakdown") weighing 8 to 25 tons, in thicknesses ranging from 0. 040

to 0. 120 in. If a thinner gage, better surface finish, or strain-hardened

material is required, cold rolling is practiced on single stand or tandem

mills.

The cold finished product is classified according to its use. Wide strip

(over 12 in.) thai is going to be used in a thicker gage and will probably be

cut up into shorter lengths is called sheet, typically in gages between 0. 024

and 0. 064 in. Thinner gage material (to a minimum gage around 0. 008 in.),

destined for subsequent tinning, is properly called black plate. Terminology

is confusing though, because "tinplate" is often used as an alternative de-

scription for the untinned sheet. In recent years, even thinner gages (down to

0. 003 in.) have been produced for the canning industry, and it is then usual

to refer to doub> teduced or extra thin tinplate. The second cold rolling

step takes place after annealing and usually before but sometimes after

tinning; therefore, the lubricant may now have to lubricate a tin surface.

Strip thinner than 0. 002 in. is referred to as foil. For economy of production,

cold rolling mills are run at high speeds, in excess of 1000 fpm and approach-

ing 6000 fpm. Narrower strip is either slit from wide strip, or rolled in

narrow widths on specialty mills if small quantities, special compositions,

or rolling difficulties warrant it.

Stainless steel is rolled essentially with the same techniques, although

quantities are smaller. The hot band is likely to be thicker and more cold

reduction, coupled with appropriate process anneals, is customary. MillE

with small work rolls, primarily the Sendzimlr mill, have found wide ac-

ceptance. Four-high, cluster (six-high), and multiroll (12 and 20-roll)

mills as well as special mills are now also being built with comparably small

work-roll diameters.

Sections amount to a smaller proportion of the total steel output, but

they still represent a significant tonrage. Almost invariably they are hot

rolled from prerolled or cast billets. Special sections are frequently extruded.
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6.41 Hot Rolling Lubricants

As discussed earlier in Section 6.21, ferrous materials are hot rolled

dry, that is, with the oxide fulfilling the role of a lubricant. Cooling water

is applied to the rolls and, if the finishing temperature of the product is to

be controlled, also to the workpiece. Carefully designed jets and sprays are

used on the runout table of hot strip mills, and the water flow is closely con-

trolled [110]. Two-color radiation pyrometers are the most reliable for

measuring strip temperature on the finishing stands, with dials placed in

view of the cooling water operator. At rolling , ieeds of 2000 to 3000 fpm,

water is supplied at rates of several thousand gallons per minute at 60-75

psi pressures. Enough coolant is applied to cool a 0. 080 in. strip by 280 0C.

Lubricants are not used industrially in the rolling of solid shapes, but

graphite in various carriers is applied to the piercing plug in tube-piercing

operations. It has been pointed out, however, that some benefits of lubrica-

tion could be expected in the rolling of thin-walled, 14ghtweight sections,

particularly in the finishing passes, where roll pressures are high, relative

sliding velocity is high and variable, and roll wear becomes severe. The

suitability of various lubricants was tested by Chekmarev et al. [69] by roll-

ing on 8 in. diameter -chilled cast iron rolls al 60 fpm. Lubricants included

a commercial window (soda-lime) glass with a softening point of 7000 C, alone

and with flake graphite, an experimental glass of 5000 C softening temperature,

and common salt (sodium chloride). Preheated specimens were descaled,

covered with the lubricant powder, returned tc the furnace for 5 to 10 min,

and then rolled. The efficiency was judged by a number of methods; compared

to dry rolling, lateral spread of the billets was reduced 30% by the window

glass, 22% by the graphited glass and the experimental glass, and 12% by the

salt. Interface pressure was reduced 40, 27, 29, and 33% respectively.

Since the common salt generated objectionable fumes, window glass appeared

to be the most promising material. Further tests showed that it reduced

forward slip from 7% in dry rolling to 0% with glass lubricatio.n, while the

angle of acceptance decreased from 130 to 90. Although the latter value is

rather low, it does not preclude rolling in finishing passes, where the section

thickness is relatively small compared to the roll diameter. There !s no

indication that lubrication by glass or any other lubricant has been introduced

into industrial rolling practice; advartages and difficulties associated with

glass lubrication are discussed In Secrtion S. 34.
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6.42 Experiments on Cold Rolling Lubricants for Steel

Since the introduction of palm oil (see Chapter 1), most lubricant evalu-

ation has been made with reference to this lubricant, and it will serve as a

convenient standard basis of comparison for this discussion, too.

In view of the economical significance of steel strip, it is not surprising

that substantial effort hag been devoted to lubricant research. Some of the

work was directed toward a more fundamental understanding, other re-

searchers were interested in evaluating the relative merits of lubricants,

while a large group devoted itself to developing improved lubricants. A

difficulty of presentation arises from the fact that reported results were

obtained by different techniques and on widely varying equipment. Quantita-

tive comparisons would be entirely misleading; obviously, results obtained

by any given technique must be compared within a single group, and only an

order of merit of lubricants may be established. Therefore, the following

discussion, based on data reported in Tables 6.4 to 6.17, will be divided

according to lubricant groups, and will then be followed by a reascured ap-

praisal of industrial practices.

Valid conclusions may be drawn only if the conditions of experiments

are taken into acount; therefore, the method of deriving the numerical data

is briefly indicated in Tables 6.4 to 6.17. Some further explana..ion is needed

for Tables 6. 11 to 6.17. The technique used was always that of repeated

rolling of the same strip with a predetermined roll gap setting sequence

(Fig. 5. 1b). In the work reported ih Tables 6. 11 to 6. 15, the total reduction

obtained in a predetermined number of passes on dry rolls (REDd) was taken

as a base-line and the reduction attained with the lubricant (REDI) was taken

as a measure of lubricant quality:

(REDI,) - (REDd) x 100%
(REDd)

Billigmann [111( pointed out that reproducibility is mucn bettei whten

lubrication with water is chosen as a base line. He obtained a second re-

ference line by rolling with palm oil precoated onto the steel strip, with water

cooling applied at the roll. If water is assigned 3 and palm oil 100 efficiency,

other lubricants may be related to this arbitrary base scale by linear inter-

polation and extrapolation (as in Fig. 6. 27)
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TABLE 6.4

Coefficient of Friction Meesured irn Rolling Steel Strip [11]

Pass Reduction Coef. of
Lubricant No. % Friction (p)

Dry 1 15.0 0.085

Paraffin (kerosene) 1 16.5 0.080

2 17.0 0.068

3 22.0 0.060

Paraffin + 1% stearic acid 1 16.7 0.075

Paraffin + 1% palmitic acid 3 22.0 0. 043

Paraffin +1% lauric acid 2 18.8 0.052

3 24.3 0.053

Paraffin + 5% lead oleate 2 17.4 0. 058

Graphite in SAE 30 oil 1 15. 5 0. 072

Olive oil 2 18.1 0. 057

Castor oil 4 23.0 0.045

Lanolin 4 26.5 0.041

Camphor flowers (natural) 4 27.2 0.038

3ack tension increased until strip skids; 4 in. diameter rolls of 10 A in.
AA r~ughness at 32 fpm, 0. 070 in. x 1.5 in. annealed 0. 08% C strip.

Minerai Oils

All practical observations and experimental results agree that mineral

oils are of only moderate lubricating value. While coefficients of

friction of the o:der of 0. 08 to 0. 10 reported for dry rolling 1-y Whitton and

".ord [11] (Table 6.4) and by Yamanouchi and Matsuura [1121 (Table 6. 5) are

almost certainly too low, the slightly lower friction measured for various

mineral oils seems to be realistic. There is complete agreement that vis-

cosity is the dominant factor, friction decreasing with in,rreasing viscosity

(Tables 6. 6 and 6. 7). Chisbolm [1131 also reported that in the rolling of

0.011 in. thick mild steel strip at 85 fpm, reduction increased from 20.5%

with a low viscosity (40 SUS at 100 0 F) compounded oil to 26. 5% with a higher

viscosity (160 SUS at 1000F) straight mineral oil, at a constant roll force.

The detailed investigation of Iwao et al. [39] revealed that predominantly

naphthenic oils are less efficient than their paraffinic counterparts of the

same viscosity ('&able 6. 6).
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TABLE 6.5

Coefficient of Friction in Rolling Steel Strip [112]

Pass Reduction, Coef. of
Lubricant No. % Friction (p)

None 1 13.5 0.10!

2 19.1 0.087

Paraffin (kerosene) 1 1.9 0. 081

+ 5% stearic acid 1 5.9 0.065

2 7.5 0.066

Dynamo oil 1 10.2 0.059

2 6.7 0.069

3 4.3 0.066

Graphite in oil 1 6.6 0.056

2 11.2 0.058

3 11.2 0.062

4 9.9 0.057

Coconut oil 1 12.0 0.036

2 5.5 0.043

3 3.5 0.047

Lanolin 1 8.9 0.046

2 5.7 0.044

3 10.9 0.043

Castor Oil 1 7.3 0.034

2 5.2 0.038

Back tension increased until strip skids; 6 in. diameter rclls at 56 fpm;
0. 040 x 1. 35 in., annealed 0. 5% C steel strip, TS = 83 kpsi.

The evidence on the efficiency of additives in mineral oils is somewhat

contradictory. Boundary additives such as lead oleate (Table £. 4), oleic

acid (Tables 6.6 and J. 11), but particularly stearic acid (Tables 6.5, 6.11,

and 6.13) have been shown to be moderately effective, especially If added to

mineral oils of low viscosity. Other investigators found the fatty acids in-

effective (Table 6. 7); it is likely though that-as suggested by Iwao et al.

f391 -- the effect of additives is masked when the base oil is of sufficient via-

cosity to assure predomir.antly hydrodynamic lubrication.
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TABLE 6.7 ,E

Effect of Lubricant on Reduction Obtained in Steel Rolling [211

Reduction,
Lubricant Type Characteristics %

Mineral oils 70 SUS a, 100°F (38 0C) 16. 0

600 SUS at 1UO0 F 24.0

600 SUS +5% stearic acid 24.0

Fatty oils Typical animal fat 32.5

More viscous fat 39.0

Stearic acid 32.5

Oleic acid 30.0

Palm oil 32.5

Tallow oil (0. 25% free 32.5

fatty acid)

"Vater soluble" Experimental 28.0-59.0

0. 0063 x 0. 250 in., cold rolled SAE 1010 strip; 4 in. diameter rolls at
300 fpm, 38"C; rolls and strip flooded, roll force 3800 lb.

There is almost general agreement that extreme pressure additives such

as zinc thiophosphate and chlorinated paraffin [39] are totally ineffective

(Table 6.13) even though some compositions have been patented (see literature

cited in Ref. 122). It should be borne in mind, however, that most experi-

mental work was conducted at low speeds. In the high-speed experiments of

Starchenko et al. (114] a sulfur-containing mineral oil became more effective

with increasing rolling speeds (Table 6. 8 and Fig. 6. 24) suggesting that the

higher temperatures that were bound to develop had activated the sulfur.

Fatty Oils and Derivatives
Palm oil, originally used as a flux in the tinning process, was introduced

as a rolling lubricant by inspiration. Preapplied to the strip surtace in a

thin film it provided both the required lubricating capacity and corrosion pro-

tection. However, its performance was often found variable, it had to be

removed before annealing because of heavy staining, and it proved to be a

scarce commodity in wartime and in countries with limited access to prime

sources. Substantial effort has been devoted to understanding the variables

that affect the lubricating ability of various fatty oils and their derivatives,



6. ROLLING LUBRICATION 395

TABLE 6.8

Lubricants Used in Cold Rolling Steel [114]

No. Designation Characteristics

1 Emulsion 2.5% conc. Fluid, milky color at 30-400 C

2 Emulsion 5% conc. As 1

3 Emulsion 10% conc. As 1

4 Water

5 Industrial oil 7pe; Mineral oil viscosity 3 0E at
500 C, flash point 170 0C,
solidification temperature 200C

6 Sulphoresol Min. 1. 7% S content, viscosity
30E at 500C

7 Castor oil Saponification No. 182, acid
No. 1.14, viscosity 20. 30E at
500C

0. 120 in. thick, hot-rolled, pickled 0. 08% C steel strip; 12 in. diameter
work rolls. Lubricant No. is the same as in Fig. 6.24.

I- 3.6

~3AS3.2

10

~2.6

I 2 3 4 5 6 7 8
LUBRICANT CODE

Fig. 6. 24. Lubricant efficiency in cold rolling 0. 120 in. low carbon

steel sheet (lubricants described in Table 6. 8) [1141.
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TABLE b.9

Reduction Obtained in Rolling Steel Strip [115]

SUS Average Rolling Load
eree at Reduc- for 50%

Sap. Fatty 210OF tion, Reduction,
Lubricant Value Acid, % (99 0C) % klb

Methyl palmitate 200 0.8 32.6 42.1 30.8
stearate

Lauryl alcohol 0.2 0.1 35.1 42.7 34.4

Diethylhexyl 262 0.1 38.3 44.1 25.5
sebacate

Lauric acid 280 100 37.0 45.2 27.1

Palm oil 199 9.5 54.0 49.3 17.9

Tallow 196 1.3 56.8 50.2 20.4

Mineral oil 0 0 123.3 53.0 16.4

Lubricant 344 245 5.0 190.2 59.7 11.9

1 5/8 in. diameter rolls at 215 fpm; 0. 010 x 2 in. low-carbon steel strip,
YS = 43 kpsi, cleaned with krichlorethylene, dipped in lubricant at 65 0C.

TABLE 6.10

Roll Force Developed in Rolling Low-Carbon Steel [1211

Roll Force
Free SUS Timken at 40%

Sap. Fatty at psi Amsler Reduction,
Oil Value Acid, % 150OF max. p klb/in.

Palm oil 198 12 96 8,600 0. 043 30.5

Soybean oil - - - - - 21.3
derivatives

Glyceryl - - - - - 29.0
trio!eat~e

Rolling oil 1 199 3.5 102 7,000 0.039 K

Rolling oil 2 76 6.0 160 12,000 0.046 29.5

0. 010 to 0.020 in. x 2 to 10 in. full hard C1017 steel, YS = 128 kpsi,
6 in. diameter rolls at 100 fpm, front tension 620 lb, back tension 600 lb per
inch width; 4% "solution" (mechanical dispersion) at 65"C (1500 F) 5 psi spray
into roll gap.
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TABLE 6.11

Lubricant Efficiency in Rolling Steel Strip (Nos. 1-34 [116]; 35-59 [124])

Free Viscosity Improvement
Fatty at 50 0C over Dry

No. Type Acid, % OE Rolling, %

1 Palm oil 3 4.0 60

2 Rapeseed oil 1.5 4.3 56

3 Castor oil 13.0 7.0 60

5 Rapeseed oil + 6% 6.0 3.8 60
rapeseed oil acid

6 Tallow + 3% tallow fatty acid 3.2 4.0 64

7 Mineral oil 0 6.0 39

9-12 No. 7 oil + 3 to 10% 3-10 5.8-6.1 37-39
oleic acid

13-16 No. 7 oil + 3 to 6% 3-6 5.1-6.1 38-39
saturated fatty acid

17 No. 7 oil + 30% stearic acid 30.0 3.8 48

18 No. 7 oil +25% palmitic acid 25.0 4.0 43

19 Tallow - 4.4 62

20 Lanolin - 38.0 55

21-24 No. 19 oil +3% fatty acids 3.0 4.4-5.0 62-63

25-26 No. 20 oil + 3% fatty acids 3.0 35-41 56-58

27-28 1/2 tallow, 1/2 lanolin 3.0 4.3 62
3% fatty acids

29-31 Tallow and lanolin emulsions 2%20. 0 4.0 47

32 No. 7 oil + emulsifier (2%) - 11.2 48

33-34 Commercial emulsions (2%) 12. 0 4.5-5.2 48-52

35 Neutral fat emulsion (5%) 63

36-38 Mineral oil emulsion with 45-48
additives (5%)

40-43 Mineral -.l1 emulsion (5%) 44-47

41 Palm oil 17.0 54

42-49 Pickle oil (mineral oil 36-38
+ rust preventive)

Pickle oil (2%) in water 40

44-45 Palm oil emulsain (3%) 56-57

46-47 Mineral oil (40E at 50 0C) 42-43
emulsion (5.)
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TABLE 6.11 (Continued)

Free Viscosity Improvement
Fatty at 50 0 C over Dry

No. Type Acid, % OE Rolling, %

48 Mineral oil (6WE at 50nZ) 49
emulsion (5%)

50 Mineral oil ("petroleum") 35
52-55 No. 50 oil +0. 4 to 5% 37

stearic acid
56-59 Tallow-lanolin emulsion with 57-61

wetting and frost-protection
agents (5%)

0. 040 x 2 in. cold rolled 0. 064% C steel strip; 7 in. diameter rolls at
22 fpm, 6 passes of 0. 00475 in. roll gap setting each; viscous liquids brushed
on strip, emulsions recirculated.

TABLE 6.12

Lubricant Efficiency in Rolling Steel Str~p [126]

Improvement
over Dry

Lubricant* Rolling, %

Water 12
Palm oil (neat) 40

Mineral oil emulsions 15-22
Papeseed oil-mineral oil emulsions 14-23

Wax emulsion 16-37
Palm oil emulsion 36.5

Animal oil emulsion (No. 5) 17

No. 5 + TCP (or Pb stearate, or n-butyl
stearate or oleate) 18

No. 5 + 5% octadecyl amine 26

No. 5 + 30% wax 29
Rapeseed oil emulsion + 2. 5% wax 41

Rapeseed oil emulsion + 30% wax 45

*5% emulsion unless otherwise stated.

0. 040 x 2 in. annealed 0. 07% C steel strip; 10. 2 in. diameter roll 8t 57
fp-n, 3 passes, 447k total reduction in dry rolling.
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TABLE 6.13

Total Reduction Obtained In Rolling Steel Strip [127]

Total
Reduction,

No. Lubricant %

0 Water 57

1 Castor oi, 83

2 Rapeseed oil 81

3 Mineral oil 57

5 Mineral oil with 0.4% stearic acid 73

8 Mineral oil with 30% Cl compound 67

11 Mineral oil, 1OE at 50 0 C 64

12 Mineral oil, 2. 50E at 500C 67

16 Sperm oil emulsion (5%) 73

17 Sperm oil emulsion with phosphoric acid ester (5%) 69

20 Tallow emulsion (5%) 68

22 Tallow-lanolin mixture (solid) 86

24 Synthetic fatty acid (anoxidized paraffins) emulsion 85
(5%)

25 Synthetic fatty o01 emulsion with mineral oil (5%) 72
26 Mineral oil emulsion (5%) 64

0. 040 x 2 in. strip, 0. 19% C cold rolled; 6 passes of 0. 00475 in. roll gap
setting, 8.3 in. diameter rolls at 70 fpm.

and to find the lubricants that can not only substitute for palm oil, but even

improve on its performance.

All evidence indicates that the bulk viscosity of the fatty lubricant J;

major factor, as shown by the systematic work of Iwao et al. [391 (Table

6.6). The zame trends may be found in Tables 6.4, 6.5, 6.7, 6.9, and 6.11.

Viscosity, however, is only one of the significant indicators of lubricating

performance. In practice, it was found ihat neutral fats are Inadequate and the
opinion was soon formed that slightly aged palm oil, in which 7 to 14% free fatty

acid wa. present, was desirable. This view was confirmed by the work of

Neka rvis and Evans [231 who found that Nigerian palm oil with 16% free fatty acid

gave higher reductions (and a lower calculated coefficient of friction in rolling
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TABLE 6.14

Reductions Obtained in Cold Rolling Steel [70]

Tensile Total
Steel Strength, Reduction,

Composition, % kpsi Lubricant %

0. 064C 90 Mineral oil (60E 46

at 50 0C)

Rapeseed oil 53

Emulsion* 59

1.35C, 0.70Cr 95 Mineral oil 54

Rapessed oil 64

Emulsion* 66

1.3eC, 0.67Cr 140 Mineral oil 72

Rapeseed oil 80

Emulsion* 84

*64% mineral oil, 10% fatty alcohol C 12-C18, 26% mineral oil sulfonate,
anionic emulsifier.

0. 040 x 2 in. strip, mill and drafting as in Table 6. 11.

TABLE 6.15

Efficiency of Lubricants in Rolling Steel [l'.%J

Total
Reduction

Identifi- (6 passes),
cation Lubricant %

Dry 53

D (1/2 calcium phosphorus stearate, 89
1/2 stearic acid) dissolved in toluol

F (1,2 Fc phosphonoL.tarate, /2 neutral 3oap) 90.8
j emulsion

Tallow (3% free fatt' acid) (ne&t) 87

P Glycol distearate (neat) 89

S Fe salt of dodecyljphosphonic acid 91
dissolved in toluol

Rapeseec oil (neat) 86

Conditions as in Table 6.11.
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TABLE A. 16f

Efficiency of Emulsions in Rolling Steel [111]

Free Fatty Efficiency
Lubricant Acid, % (8th pass)

Water 0 0

Conventional emulsions 1 20-45

Improved emulsions 1-8 50-75

Palm oil emulsion 5 72

Tallow emulsion 9.5 85

Experimental emulsion 22.7 80

Mineral oil (preapplied, water cooling) 0 60

Palm oil (preapplied, water cooling) 10 100

0. 020 in. thick, 0. 05 to 0. 08% C cold rolled steel, degreased; 8 passes
on 3.5 in. diameter rolls at 250 fpm, 5% emausions in water of pH 6, 300C,
flood application.

than the same oil refined until its free fatty acid content was reduced to

0. 55%. In their experiments, the acid extracted from the same oil was also

more efficient than the fatty oil itself. Later work, however, showed that

this is by no means a universal rule, since very efficient lubricants have

been found with relatively low (around 1%) free fatty acid content [21, 1151.

The detailed work by Lueg et al. [116] indicated that free fatty acids added

to a neutral fat increased the lubricating potential only slightly (see rapeseed

oil, tallow, and lanolin in Table 6. 11). Johnson et al. [1171 used a wire

drawing test fc)r evaluation of palm oil substitutes and, therefore, the strict

relevance of their results to rolling is rather do-htful (see Section 5. 28) but

it is interesting to note that they also found free fatty acid added to tallow to

be either ineffective or even harniful, depending on the drawing temperature.

A further observation relates to the structure of the fatty acid molecule.

Generally, the longer the chain length, the higher the viscosity, and this

would be lr. line with the previously discussed effect oi bulk viscosity. For

identical chain lengths, unsaturated acids are less viscous than their

saturated counterparts (for example, olec acid and stearic acid in Table

6. 7). It has also been observed that predominantly saturated animal fats

such as tAllow are successful substitutes for palm oil (Johnson et al. [1171,

also rable 6. 7), while fish olls higher in unsaturated fat.; acid estc rs are
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generally less satisfactory. This has led to the view that a good rolling

lubricant should have a low iodine value and a high titer (for definition, see

Appendix). It would be a mistake, however, to take these limitations too

rigidly. As discussed in Section 4. 22, even nominally identical oils have

different compositions depending on the exact source of supply and on changes

introduced by extraction and refining, Tallow is usuaily fairly reproducible;

on the other hand, lard oil is variously reported as unsaturated or comparable

to palm oil in saturation.

The tallow-based "synthetic palm vils," also called palm oil substitutes,

were developed after World War II [23,117]. They are still among the best

lubricants available (Fig. 6. 25 and 6. 26) [118, 119] havihg found widespread

acceptance [120] after the initial production trials. Of the vegetable fatty

oils, castor oil has been found either superior (Table 6. 6) or equal (Tao'e

6. 11) to palm oil. Cottonseed oil has been judged equally good. The less

viscous rapeseed oil is somewhat poorer (Table 6. 11 and Fig. 3. 20) although

experimente with various proportione of rapeseed oil and tallow [13, 14] have

shown promise. Linseed oil and similar oiLs containinv higher unsaturates

are normally undesirable because of their oxidative instabili-r. The reader

interested in greater detail will fin-I it worthwluie to study the data given in
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Fig. 6. 25. Lubricant offieicney in rollfng 3oft !uu carbon steel strip

(0. 010 in. thick, on S. in. diameter roils of 16 p in. RMS rot,'hn,-ss, lubri-

cant composition in Table 6.18) [118].
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Fig. 6.26. Lubricant efficiency in rolling ful-hard low carbon steel

strip (conditions the same as in Fig. 6, 25) [118].

Tables 6.4 to 6.17; these tables have been compiled to show all the important

results of the referanced publications.

Improved Lubricants

Recognition of the need for high viscosity coupled with a high degree of
saturation has led to a number of approaches for producing improved rolling

lubricants. Proprietary interests usually prevent publication of details

(Tables 6. 7, 6. 9, and 6. 10, and Fig. 6. 12), but it is clear that modified
animal or plant oils of high viscosity give greater reductions. It is often

found, though, that these high-viscosity oils tend to trap more dirt, may form

more tenacious deposits, and might also lead to skidding of the strip or of

the rolls in the roll gap. Roberts [53] reported some improvement over palm

oil when 50% methyl ester of tallow fatty acid was added to neutral tallow.

Starting from Lhe premise that the long chain fatty acid portion of the

triglyceride molecule is responsible for rolling performance, Shamaiengar

[1211 found glycerile trioleate with 100% C 1 8 chain slightly better than palm

oil (Table 6. 10). Along the same lines, lard oil (which also contains C2 0

estere) could be expected to and indeed gave better results than tallow. It

has also been noted that partial hydrogenation and consequent greater satura-

tion results in better rolling lubricants. Since experiments showed that

DL
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triglycerides are always superior to mono- and diglycerides, Shamalengar

suggested that further development could concentrate on modifying the fatty

acid radical of the triglyceride. One possibility is to react the hydroxl group

of the ricinoleic acid in castor oil with a fatty acid (palmitic, stearic, etc.)

to obtain i multiple ester linkage; such lubricants were found to outperform

tallow even when used in combination with mineral oil. Shamalengar also

proposed [1221 lubricants made by co-polymerization of animal fats with

hydrocarbons, which results in a lubricant with controlled amounts of mixed

esters, saturated and unsaturated fatty acids and their esters.

A different tack .,as taken by Funke et al. [123], who considered that the

surface activity of fatty acid molecules is exceeded only by that of the phos-

phonic acid groups, and predicted that the combination of long-chain fatty

acids with a phosphonic acid group would give good lubricating properties.

Several of the products were solid and had to be dissolved in toluol; the dry

coating gave very good performance (Table 6.15). Precoating from a solution

would be, of course, impractical, and means of emulsifying the lubricants

would have to be found. This was only partially successful.

The condition of long chain length and high saturation is also satisfied

by natural waxes, and outstanding resulcs have been obtained with some of

them (Figs. 6. 25 and 6. 26). It would seem, however, that in common with

other very high viscosity lubricants, they present problems in application.

In summary is appears that, rather fortuitously, palm oil and the later

developed substitutes represent a good balance of properties, and radical

improvements are not readily attained. However, even apparently minor

improvements can lead to substantial production economies, especially in the

rolling of very thin sheet. It should be also borne in mind that most quantita-

tive data available on lubricant performance were generated at relatively low

speeds and, even though agreement with plant experience is usually satis-

factory, higher rolling speeds, greater heat buildup, and continuous exposure

to difficult process conditions could very well accentuate differences between

lubricants.

Emulsions

All lubricants discussed above are applied neat, either to the strip surface

prior to rolling or as a mechanical dispersion at the rolling mill itself. In2

stant separation ("plating out") of the lubricant phase assures performance

equal to that of a preapplied film. Water is a separate cooling agent which
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does not enter the lubricating mechanism, although occasionally improvement

has been reported when water was applied in addition to mineral oil. This

is probably a cooling effect.

As mentioned in Section 6.34, economy of production as well as the need

for reduced pollution prompted the development of closed-loop recirculating

systems, in which emulsions of reasonable stability must be used if work

stoppages due to a clogged system are to be avoided.

Emulsion deve!,)pment usually aimed at retaining the advantages of

directly applied palm oil or its substitutes, yet eliminating its disadvantages.

Palm oil applied directly to the strip surface prevents corrosion even on

prolonged ,standing, but must be removed prior to annealing. Emulsions

have been sought j111, 116,124-1271 that match the lubricating and corrosion-

preventive characteristics of palm oil yet will decompose in annealing with-

out leaving objectionable residues. Quantitative assessment is usually

limited to the lubricating ability of the emulsions (Tables 6.7, and 6. 11 to

6.17). Comparison between results of various researchers is impossible,

because even if the composition of the dispersed phase is similar, the

emulsifiers, rust inhibitors, and other additives of undisclosed composition

and proportion can drastically change the performance of the lubricant. The

mode of application, dilution of the concentrate (Fig. 6.24), and the tem-

perature of the rolled strip and of the emulsion may all have a major effect.

Nevertheless, some generalized conclusions may be drawn.

First attempts at replacing palm oil with an emulsion invariably led to

deteriorated rolling performance (Table 6. 7, Figs. 6. 24 and 6. 27). It is

interesting to note, though, that while emulsions based on mineral oils are

relatively poor in performance (lubricants 32, 40, and 43 in Table 6. 11;

Tables 6.12, 6.13, and 6.17; and Fig. 6. 27), they often assure greater re-

ductions than the neat mineral oil itself (lubricant No. 7 in Table 6. 11, and

Table 6.13). This may be connected with the observation already mentioned

that water applied on top of a preapplied mineral oil film improves lubrica-

tion (Fig. 6. 24 and Table 6.16). Boundary and E. P. additives incorporated

in the dispersed phase are variously reported as ineffective (lubricants 36 to

38 in Thble 6. 11) or moderately effective (Tables 6.14, 6.16, and 6.17),

obviously depending on unknown or undisclosed side effects. It is worth

noting that the free fatty acid content of "improved emulsionv" in Table 6. 16

had no bearing on performr.nce, and the lubricant with the highest free fatty

acid content was actually one of the poorest i. this group.



6. ROLLING LUBRICATION 407

0,020

0.016 '

V 
oW

0.00
c,0.04

V) 0,04 4 50

0,02 1 1 100
0 2 3 4 5 6 7 8

PASS NO.

Fig. 6.27. The efficiency of various lubricants in rolling low carbon
steel strip (1: water; 2: commercial emulsions; 3: improved emulsions; 4:

undiluted concentrate; 5: best emulsion; 6: palm oil) [111].

In contrast to mineral oil, the lubricating ability of fatty oils almost in-

variably suffers from emulsification (lubricants 29 and 31 in Table 6.11 and
palm oil emulsion in Tables 6.12, 6.16, and 6.17), although occasionally

equal or slightly improved performance has also been reported (lubricants
44 and 45 in Table 6.11). The development of fatty oil emulsions has taken

the same route as that of the neat lubricant itself. Thus, palm oil substitutes
derived from animal or vegetable oils, with relatively high contents of longer
chain saturated fatty acid components have been used, often with further

additives t - romote wetting and to protect the emulsion from the effects of
freezing (lubricants 56 to 59 in Table 6. 11, the synthetic fatty oil emulsion in

Table 6.13, tallow emulsion in Table 6.16, tallow and rapeseed oil emulsion
and the refined-prviably hydrogenated--sperrmaceti emulsion in Table 6. 17).
Improved performance over that of neat palm oil has also been reported when

high percentages of wax were added to rapeseed oil emulsions (Table 6.12).

While it appears cntirely feasible to pioduce emulsions that match the per-
formance of neat palm oil, emulsions offering the same reductions as the
improved "synthetic palm oils" in direct application have not been revealed



408 JOHN A. SCHEY

yet (Table 6. 17). There is unaninious agreement that the long chain, highly

saturated esters are difficult to emulsify, they tend to trap more dirt, are

liable to form invert emulsions, and may be very sensitive to production

conditions.

The experimental emulsions in Table 6.7 are effective only at very high

concentrations, and were reported to be useful only where cooling is not

critical. In thin sense, they cannot be regarded as true emulsions, rather

as water-soluble sclid lubricants or lubricant pastes. The experimental

lubricants indicated in Fig. 6.12 are apparently of the same family. Their

main advantage would lie in easy removal by water rinsing.

Emulsions have been repeatedly found to give outstanding performance in

early passes (Table 6.17, also Ref. 124 and 126), only to fall behind palm

oil later on (Table 6.17) when limiting reductions are approached. No rational

explanation for this behavior appears to have been proposed, but perhaps the

cooling ability of the lubricant predominates in the early passes when heat

generation is substantial, and its ability to reduce the coefficient of friction

becomes more significant as a roll geometry typical of limiting reduction

is approached. It is conceivable that at high speeds the cooling effect would

again become of overwhelming importance.

No emulsion evaluation is truly valid unless repeatability, stability, life,

and sensitivity to various waters Is also investigated. Emulsions containing

mineral oil as the dispersed phase are invariably more stable than those

based on fatty oils and their derivatives. 'Ce relatively low stability of fatty

oil emulsions makes them particularly seisitive to the quality of the water.

If anionic or cationic emulsifiers are used, calcium present in the water

gradually combines with them and the emulsion becomes unstable. Additions

of sodium hydroxide or sodium chloride for purposes of adjusting the pH value

of the water are also harmful, because they also combine with the emulsifier

and break the emulsion. It then becomes necessary either to formulate the

emulsion with nonionic emulsifiers or to treat the water with iron-exchange

water softeners.

The emulsion should not cause rusting of the rolled sheet. A semi-

quantitative assessment by Billigmann and Fichtl [1251 indicated that mineral

oil emulsions-even when compounded with fatty additives-gave typically

moderate to heavy corrosion, as did also emulsions based on tallow. In

contrast, emulsions based on palm oil, rapeseed oil, or mixtures of tallow
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and rapeseed oil caused only light rusting, even though still somewhat more

severe than neat palm oil or even pickler oil (Section 6.43). No relationship

between composition and rusting could otherwise be detected. The rusting

developed in tests, in which cast iron chips were wetted with the lubricant

and placed on a cast iron surface for observation, correlated in no way with

actual rusting found on strip rolled wit'i the lubricant and then kept in a pro-

duction plant, lightly covered with paper to prevent accumulation of dirt.

Some ru st inhi•i.tors were found effective, but they also impaired the lubri-

catir4 performance of the emulsion.

The reproducibility of individual batches of emulsion concentrates can

be rather poor [1111, and the hope has been expressed that synthetic fatty

acid emulsions might prove more reproducible [127]. This brings up the

question of how the consistency of various batches can be most economically

tested. As of this time, only the laboratory-scale rolling test seems to be

relevant, although Billigmann and Fichtl [125] have reported that a simple

sliding test, somewhat similar to a modified Timken test, gave encouraging

correlation between the size of the wear surface and the rolling performancec.

The dilution of the emulsion may or may not have an effect on lubricating

ability, depending on the composition. ,".o accurate prediction appears to be

possible, but as a rule of thumb results indicated (124, 125] that mineral oil

emulsions (with suitable additives) improved as concentration increased uP

to and beyond 5%. Palm oil emulsions gave optimum performance between

2 and 8%, depending on the actual formulation, with performance dropping at

higher dilutions. In contrast, tallow ana tallow-rapeseed oil emulsions gave

better reductions at low (around 1.5%) concentration than at higher ones. The

reason for this variable behavior is entirely unknown.

.. ull-scale tests have been reported only on a few expetimental emulsions

'.sually in mills rolling at speeds between 1200 and 3000 fpm-that is, not in

the highest available speed range. It was found [111] that performance was

initially as predicted from tht- laboratory rolling experiments; however, a

higihy variable aging behavior of various lubricants soon became evident.

Some of the better emuldions, based on highly viscous fatty oils, collected

too much dirt or suffered from insufficient stability, and slipping of the strip

has also been reported (1261. 7t is also clear that results obtained on one

industrial mill cannot be transfe •i ed to another one without considering pro-

duction condit.c,,; in general, moi - rapid deterioration of emulsions is to

be expected -. t..Ili speeds increase (1251.
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Phosphated Strip

Phosphating (Section 4.41) has found widespread application in wire and

tube drawing, cold extrusion, and sheet metalworking. The possibility of

utilizing such conversion coatings for the rolling of steel has been raised by

Lucg and Treptow [128]. They started from the premise that a phosphate

coating, in conjunction with a relatively cleap mineral oil lubricant, could

provide the same lubricating power as palm oil or its substitutes and at the

same time might also minimize the speed effect. A low carbon (0. 1% C)

and high carbon (1. 12 to 1.17% C) steel were phosphated according to three

different tachniques. With either mineral oil or rapeseed oil as a lubricant,

roll forces dropped by 20 to 25% when heavy reductions were taken on the

low-carbon steel. In contrast, very little improvement was found on the

high carbon steel even with the mineral oil, and rapeseed oil actually gave

better results on the untxeated surface. It is concluded that phosphating of

steel surfaces could become attractive only if savings due to the use of a

mineral oil and a possible elimination of some interanneals would more than

offset the cost of phosphating. The quality, pLrticularly surface roughness,

of the phosphate film seems to be importaht also, and an optlmum treatment

would have to be devised.

Optimum Lubricant Quantity

The discussion of the speed effect (Section 6.23) showed evidence that,

irrespective of the thickness of the preapplied oil film, there exists a limit-

Ing film thickness that will pass through the roll gap [21). This aiso means

that, if the lubricant application method does not assure an absolute surplus,

the relative rating of lubricants may be influenced by the method of applica-

tion, as already noted by Nekervis and Evans [231.

In a direct applization system with the coolant applied separately, the

lubricant applied in excess of the optimuw is wasted. Bentz and Somers

(1291 investigated the minimum oil film required in the roiting of 0. 010 in.

thick annealed and 0.015 in. thick fully hard low-carbon steel strip (black-

plate) and 0. 011 in. thick annealed, tinned (0. 5 lb per base box) strip at 100

fpm. After degreasing, cottonseed oil wag applied by an electrostatic pro-

cc.ls in controlled film weights between 0. 20 to 4. 5 g per base box (the two

sideb .. ( iheets in a base box represent 435 sq ft or 40 sq meters total

surface area). Ihe backup r'olls were cooled %ith water. Rolling with a
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10% aqueous dispersion of cottonseed oil, applied hi1erally at the roll bite,

served as a reference base. Single passes ranging from 10 to 60% reduction

were taken, and the oil film thickness necessary to assure minimum roll

force was found to increase with increasing pass reduction. Oil films in

excess .)f 1. 25 g per base box were wasted on tinplate and on the soft black-

plate, but 3 g per base box was needed for the fully hard-ned material; no

explanation for the difference was offered.

In recirculating systems, where lubricant and water are applied simul-

taneously, the lubricant supply rate will be determined primarily by the

cooling requirements.

6.43 Steel Strip Lubrication Practices

Several publications [118, 130-134] deal with the practice of steel strip

lubrication; it remains here to summarize practical aspects, in part discuss-

ed in previous sections.

The desirable characteristics of rolling lubricants have been touched

upon, nevertheless, it will be useful here to recapitulate attributes of special

significance for the cold rolling of steel. Reduction of friction is important

because of the relatively large ratio of roll diameter to strip thickness, and

it becomes a matter of major concern when thin gages are rolled. Freedom

from staining on annealing is universally desirable, although the economic

sacrifice of degrcasing prior to annealing is tolerable, if the required re-

ductions cannot be obtained with an oil of low staining propensity. Corrosion

(rusting) is of major significance with emulsions. Cooling capacity gains

importance as rolling speeda increase. Freedom from roll pickup and min-

imization of roll wear is always desirable. Many of the best lubricants are

highly viscous and produce a matte surface finish, and sacrifices in lubricat-

ing ability must often be made if a bright surface finish is required.

In addition to all the above fqctors, the contribution of the pickler oil

caumot be ignored in,,,e ielection of an optimum lubricant.

Pickler Oils

Pickling of the hot-rolled strip is a decisive factor in the success of the

cold rolling operation. Insufficient pickling allows scale to be carried over,

contaminating the cold rolling lubricant. When present in patches on the

strip surface, scale may also become saturated with oil, causing skidding
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in the roll gap. Overpickling results in a heavily roughened surface, which

serves to trap lubricants and riay lead to uncontrollably low friction, as

pointed out by Proctor [130). Careful rinsing after pickling is mandatory

because acid residues would change the acidity of emulsions, causing them

to break down.

A lubricant film is applied to the strip emerging from the pickling line to

prevent rusting, and also to prevent scuffing of the strip surface during

handling and uncoiling on the cold mill. This lubricant, referred to as

pickler oil, is usually applied at a pair of pinch rolls, and the quantity of oil

is controlled through the control of its viscosity. "'iscosity, in turn, is

governed by the choice of the lubricant and by heatu'[, coils submerged in the

pickler oil supply tank. Careful control of temperature is imperative when

an emulsion concentrte is used as a pickler oil, because overheating would

boil off the small quantity of water incorporated in the concentrate and woXid

prevent re-emulsification. Freezing can have a similar effect.

The choice of pickler oil depends on the type of subsequent processing.

If the band is to be fed from a refe!, danger of scuffing is less and a mnidcrate

(200 SUS at 100 0 F viscosity oil sdffices. However, a heavy duty and viscous

tup to 450 SUS) oil with fatty additives is needed if the coil is freely rotating

on rollers, with only the edges confined between flanges [1311. Frequently,

the pickler oil also provides lubrication on the first stand of the cold rolling

mill. In the rolling of heavy gage sheet with light reductions, the pickler

oil may suffice with only water applied to all the mill stands.

The pickler oil is not removed entirely during rolling, and it has been

recognized as one of the main sources of staining on annealing. Low-cost,

contaminated or reclaimed oils are seldom satisfactory, as pointed ot '.by

Drake [131'. The pickler oil should be compatible with the rolling lubricant,

and if an emulsion or dispersion is used in the mill system, the pickler oil

is frequently the emulsion concentrate itself. In order to reduce staining on

annealing, the fatty oil and fatty acid contents of the pickler oil are often

reduced (te a saponification value o' 32-40, and a free fatty acid content of

1-2%) by adding a mineral oil, preferably of a low staining variety.

Sheet Rolling Lubricants

The thickcr gages of sheet are rolled with relatively modest (50-60%)

total reduction; therefore, lubricant requirements are not unduly severe.
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Mineral oils applied at the pickle line are satisfactory for the thickest gages

with only water applied oit the mill. The mineral oil is blended with fatty

oils when heavier duties are imposed, but staining must still be kept to a

minimum. Fatty oils dispersed in hot water (at concentrations of 5-15%)

become necessary when rolllng is taken to thinner gages. Coolant water is

applied lo the rolls separately. If staining is to be minimized or a "Mill

clean" sheet produced, a detergent is applied at the lab, stand of the mill

For high speeds and heavy drafting, palm oil or improved palm oil

substitutes are applied in a moderately stable emulsion, which assures

adequate lubrication yet allows recircuiation and filtration, without taking

contaminants into the emulsion. Sheet rolled with such carefully controlled

lubricant can be annealed without prior degreasing. Emulsions based on

mineral oils and compounded with some fatty additives providl • very econ-

onmcal lubricant for recirculatng syster-s that may be kept clean almost

indefinitely, provided that the pickler oil is not emulsified by the rolling

lubricant. It will then separate on th- surface of the dirty oil tank and in

doing so will also trap the residual iron oxides carried ove.i from the pickling

line, as well as the iron fines generated in rolling. An emulsion (concen-

trate) consumption of 3/4 to 1 1/2 lb per ton of steel was reported by Pannek

[135], who also remr ked that wetting a-ents improved cooling of the eolls.

Lubricants for Tinplate (Blackplate)

The thin gage blackpiate destined for subsequent tinning 'also referred

to as tbiplate) reqaires reductions ranging from 8u-90% on a five- or sL-

stand tandem mill at design speeds of up to 7000 fpm. It would appear that,

for reasons probably associated with lubricant bý aakdown, maximum speeds

of 5000 t o 5500 fpm have not Leen regularly exceeded yet. Because at least

the last stands of the tandem mills operate under conditions approaching

limiting reduction, the lubricating qualities of the lubricant become of

paramount importance. For this reason, only ,nechanical dispercions have

been uset! in the U.S.A.; substantial efforts are now being .n:de in. v rious

countries In the hope of finding emulsions that assure the same reductions

as mechanically lispersed palm oil c- substitutes do. The mechanically

dispersed fatty oil depositt on the strip; this deposition is to be credited

with the outstanding lubricating performance, bet it is also responsi-t'e for



414 JOHN A. SC HEY

subsequent staining. These lubricants, therefore, must always be removed,

whereas emulsions can be harmless in this respect.

As discussed under the heading "Fatty Oils and Derivatives" in Section

6.42, the lubricating ability of fatty oils, expressed in terms of attainable

minimum strip thickness, Improves with increasing proportions of long chain,

saturated fatty constituents. This will be seen from the arnlyses given by

Roberts and Somers [118] for palm oil and two commercially available sub-

stitutes (Table 6. 18). The lubricating power of these oils may be gaged from

Figs. 6.25 and 6.26, and it will be noted that the lower p•lmitic acid content

of the substitutes is more than compensated for by the higher percentage of

the stearic acid component present.

Physical and chemical properties most frequently quoted for rolling

lubricants are given in Table 6. 19. It must be remembered, however, that

these values have any meaning only if the lubricant is composed essentially

of conventional fatty oils or derivatives.

The melting or pour point is important in that a lubricant that is liquid

at room temperature is easier to apply. The melting point (titer) of sat-

urated acids is higher than that of unsaturated ones, and may be lowered by

the addition of mineral oils. This, however, leads to a deterioration of

rolling performance. Very roughly, therefore, melting point is sometimes

regarded as a crude indicator of lubricating ability. For reasons discussed

earlier, the viscosity of the lubricant should be as high as possible, without

introducing unc-ntrolable skidding in the roll gap.

TABLE 6.18

Analyses of Palm Oil and Two Substitute Palm Oils [118J

Fatty Acid Content, %

Fatty Acid Substitute Palm Oils
Component Palm Oil A B

Palmitic 32.3-40.0 27.6 26.1

Linoleic 5.0-11.3 3.9 2.9

Oleic 39.8-52.,4 45.9 39.4

Stearic 2.2-6.4 17.1 20.4

Myristic i. 0-5. 2,9 3.2
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TABLE 6.19

Ranges of the Physical and Chemical Properties of Steel
Rolling Lubricants [1181

Property Range

Melting (or pour) point, 0C 5-45

Viscosity 50-850 SUS at 1000F (38'C)

45-200 SUS at 2100F (990C)

Viscosity index 130-160

Saponification value 125-200

Ice-1e value 40-75

Free fatty acid, % 3-20

The saponification value of fatty oils (glycerides) decreases with in-

creasing molecular weight. If mineral oil (of 0 saponification value) is also

present, the saponification value of the fatty oil is lowered; therefore, it

can be regarded as a quality indicator only in a very approximate sense.

The iodine value is a measure of unsaturation, but should again only be taken

as a rough guide because it is also a function of the molecular weight of the

compounds. A high iodine value indicative of the presence of unsaturated

fatty compounds is, in general, undesirable because polyunsaturated acids

readily polymerize into reair-us substances and also tend to become rancid

as a result of oxidation (1181. The value of free fatty acids has been often

debated, but they are present in most lubricants to the extent indicated in

Table 6. 19. Too low a value is believed to provide insufficient lubrication,

while too nigh concentration Is claimed to prevent "plating out" of the lubri-

cant on the strip surface.

The validity of these general indicators diminishes for lubricants that

are further removed from natural fatty oils and derivatives-for example,

when fatty oil derivatives assume unusual (up to 3500) molecular weights

instead of the more normal 280 [1321.

When the fatty oi:/woter dispersion is applied in a total loss system at

the mill, three to eight parts of water are added to one part of oil. The

consumption is high, approximately 5 to 7 lb/ton of steel [131). Cooling
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water is applied additionally to the work and backup rolls, raising water

consumption to several thousand gallons per minute. The lubricant used in

recirculating systems is still essentially mechanically dispersed, and sep-

aration of contaminants by flotation is not practical. Magnetic separators

as well as filters of 60 p minimum mesh size, operating under a modest

vacuum or overpressure (Section 6.34), have been found very efficient. Oil

consumption is between 1 and 3 lb/ton of steel [132]. Approximately 1000

gal of water needs to be -eplaced per hour. The lubricant may be kept in the

recirculating system indefinitely if proper filtration is employed. Otherwise,

sludge builds up which-even though not harmful in terms of lubricating

quality [118--results in dirty sheet, and the lubricant must be periodically

dumped.

The acidity (pH value) of the cooling water is closely controlled by some

mill operators who regard an acidic water as the main cause of a lcwered
lubricant performance. Practices, however, are not uniform, and the mat-

ter is still debated. The same applies to the addition of wetting agents which

may improve cooling by assuring uniform wetting of the rolls, yet can also

cause partial emulsification and thus impair lubricant performance. The

cooling ability of a mechanical dispersion is usually between that of water and

the neat fatty lubricant [1181, as determined by the quench test described in

Section 5.9.

Regular tinplate is annealed and then further rolled on a single stand or

a two-sta[,d tandem mill at high speeds, with total reductions ranging from

30 to 50% for the production of reduced gage tinplate. A bright finish is

desired to assure a reflecilve finish on subsequent tinning; therefore, the

lubricant properties are balanced to give just low enough friction to permit

rolling under conditions approaching limiting reduction, while tha surface is

brightened through boundary contact and the burnishing action of the rolls.

Unstable emulsions or relatively stable (tight) mechanical dispersions have

been found satisfactory. For example, Drake (1311 reports that an oil-in-

water dJspersion of 8-14% concentration, applied at 66 0 C (and presumably

without extra cooling water delivered to the rolls) gave a better, mottle-free

surface than the convention,' d!rect application of a more concentrated dis-

persion at 45-5 0 0C.
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Lubricants for Strip and for Alloy Steels

Lubricating practices for narrow flat strip are similar to sheet rolling,

and depending on rolling speed, the lubricant may be a mineral oil, corn-

pounded mineral oils, or unstable or stable mineral oil emulsions. Fatty

oil emulsions or dispersions give obviously much better reductions, but may

be troublesome on annealing, therefore, an appropriate compromise has to

be struck.

A special condition exists in Sendzimir mills, where the rolling lubri-

cant also acts as a lubricant for the mill bearings. The lubricant may be a

mineral oil (typically of 100 to 150 SUS at 100'F), often compounded with

fats, E. P. additives, and oxidation inhibitors. Lower viscosity oils (40-65

SUS at 100 0 F) are favcred for thinner gages and for foil rolling. Highly

concentrated emulsions containing 12-20% concentrate in water are some-

times satisfactory for low and medium carbon steels. These allow greater

rolling speeds because of their increased cooling capacity, but may lead to

more rapid wear of the bearings and must also be changed more frequently.

Cleanliness is always of extreme importance; therefore, these mills are

used only with properly designed recirculating systems incorporating adequate

filtration and removal of iron contaminants. Great care is taken to prevent

entry of tramTp oil and grease.

StaIn on Annealing

Unless th" rolled strip is "mill clean" or degreased, the residual oil

may cause staining on annealing. The staining propensity of the oil may be

measured by some suitable simulating technique (Section 5.8), and correlated

with observed staining in production. With any given lubricant, staining is

also influenced by the annealing procedure. Continuous annealing, with both

strip surfaces exposed to the air or furnace atmosphere, is the most favor-

able because the lubricant can evaporate freely. In coil annealing, a clean

edge is normally found where access to the furnace atmosphere was free,

but a dark stain band develops wherm subsLantial oil vapor pressure Lbilds
up without free ventilation to the outside. In the middle of the coil, white

oil residues may be deposited.

A complicating factor in the annealing of steel is staining caused by

oxidation and reaction with the protective atmosphere. Lillie and Levinson

(136] and Schossberger et al. [137] found that surface stains are composed
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of carbon, iron oxides, iron carbides, and oxyhydrr.tes. They are produced

during the annealing cycle with some protective atmospheres, and may be

eliminated by keeping the CO/CO2 ratio low (below 2) and by insuring vd-

equate gas flow rate during the heating period. Oil staining can be reduced

by venting the furnace covers, and by keeping the stain propensity of the oil

low, particularly by eliminating tramp oils from the lubricating system.

Roll Wear

The subject has been dI cussed in general terms in Section 6.29 and,

since the information is based mostly on steel rolling experience, little need

by added.

Wear on tandem mills seems to bu most rapid in Uhe middle stands, but

wear of the finishing roll is of greatest importance from the point of view of

strip surface finish. For this reason, work rolls are chanaed every few

hours on the last stand of a continuous hot strip mill. In cold riling tinplate

on a typical five-stand mill [138] the work rolls are changed in tie last

stand after rolling 150 tons and after 250 tons in the fourth stand, but over

1000 tons may be rolled on the first three stands. Backup rolls need re-

grinding after 20, 000 tons. These figures probably apply to lubrication with

a mechanioal dispersion of a fatty oil. In the rolling of sheet, quantities

are substantially higher; for lubrication with emulsions, quantities ranging

from 450-1500 tons were quoted for the work rolls of a single-stand revers-

ing mill (135].

6.44 Lubricants for Stainless Steel

The lubrication of stainless steel presents substantial problems because

stainless steel tends to adhere to the roll surfaces and does not allow forma-

tion of protective films with boundary lubricants. The high interface pres-

sures also cause severe roll flattening, and conditions of limiting reductions

are much sooner approached than on mild steel. Some measure of the dif-

ficulty may be gained from comparing reductions shown in Table 6.20 for

stainless steel with those in Table 6. 7, obtained on mild steel with much

lower roll forces.

It appears that viscosity Is an overriding factor In determining the

lubricating ability of rolling lubricanLs. Thus, in Table 6.20 reductions

increase with the viscosity of the mineral oil and of the animal fats. The

PI
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TABLE 6.20

Effect of Lubricant on Reduction Obtained in Rolling Stainless Steel [21]

Reduction,

Lubricant Type Characteristics %

Mineral oils 70 SUS at 100'F (38'C) 12.5

600 SUS at 100 0 F 15.0

600 SUS + 5% stearic acid 15.0

Fatty oils Typical animal fat 20.0

More viscous fat 25.0

Stearic acid 18.0

"Vater soluble" Experimental, highly viscous 16.0-38.5
fatty oil derivatives

0. 0052 x 0. 250 in. annealed Type 302 strip, cor!Rtions as in Table 6.7 but
roll force 6000 lb.

experimental water-soluble oils are really viscous pastes that can be rinsed

off with wate.r, but are useful because they contain high molecular weight

fatty oil derivatives. Whetzel and Wyle [35] indicate that reductions of close

to 60% were obtained in a single pass at speeds exceeding 250 fpm when roll-
ing with the most v-.cous of these experimental lubricants.

The typical steep rise in roll forces with pass reduction may be gaged

from the curves given in Fig. 6.28, derived from the rolling of 18% nickel-

9% chromium stainless steel sheet of 16 in. width and 0.04 in. initial gage

[120]. As expected, a mineral oil emulsion (1) was the poorest, while

mechanical dispersions improved with increasing viscosity of the dispersed

phase: stearin (2), tallow (3), table fat (4), and castor oil (5); "stearin" is

glyceryl tristearate.

Information on industrial practice is very scarce 1139]. Emulsions or,

more frequently, mechanical dispersions of fatty oils are encountered on
four-high mills, where the rolling lubricant is separated from the roll bear-

ing oil and the great cooling power and lubricating efficiency of dispersions
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Fig. 6.28. Effect of lubricants in cold rolling stainless steel [.20].

can be utilized. Lubricants for Sendzimir mills are usually mineral oil
based, applied through a carefully filtered recirculating system, and contain

separate additives for bearing protection and for strip lubrication. it would
appear reasonable that some of the lulhicants used for wire drawing (Section
7.42) should also be suitable for rodhig, although surface treatments such

as oxalating are unlikely to be economical or practicable. Chlorinated
hydrocarbons, chlorinated resins, and, possibly, PTFE coatings could be
of some interest, although no evidence of their industrial application could
be found. Lubricant removal is always a problem because carbon pickup may

occur on annealing.

6.5 ALUMINUM ROLLING LUBRICANTS

The rapidly increasing demand for aluminum and aluminum alloy products
has pror.,)ted the introduction of mass production rolling techniques not un-

like those practiced for the rolling of steel. The production of flat sheet and
strip usually begins with the hot breakdown of t to 14 in. thick semicontin-

uously cast slabs (scalped for best surface quality) into a thick blan'k at

temperatures of 350-550 C, depending on the alloy. Rolling is accomplished
on two- or four-high ieversing mills, two of which are frequently placed In



6. ROLLING LUBRICATION 421

line for increased productivity. The blank (or occasionally a continuously

cast band of similar thickness) is "warm" rolled at temperatures of 200-

400 C into a band of 0. 080 to 0. 150 in. thickness and coiled. The hot band

is then cold rolled to thinner gages on single-stand mills (which may be

reversing) or on tandem mills comprising 2 to 4 four-high mills. The thin-

nest conventional strip (can stock) is 0. 006 to 0. 010 in. thick. Thinner strip

is denoted as foil, and is usually rolled on single-stand, non-reversing mills

from stock of 0. 017 in. thickness to finished gages of 0.00025 to 0. 0005 in.

(6 to 12p).

6.51 Hot Rolling Lubricants

Aluminum is unique among the common industrial metals in that its

oxide is hard and brittle but not friable, and thus offers no protection during

hot rolling. Virgin surfaces generated during the elongation of the slab adhere

to the roll surface readily and, unless a suitable lubricant is used, cumula-

tive pickup (roll coating) is experienced. Ultimately, the slab will stick to

and will be wrapped around the roll.

In the early days of rolling with light reductions and low production

rates, a smear of mineral oil or animal fpt on the roll surface was sufficient

to prevent coating buildup. Larger slab wdghts, increasing outputs and rolling

speeds made oil-in-water emulsions the universal lubricants. Almost in-

variably, the rolling lubricant is a true emulsion of controlled stability, con-

taining 2 to 15% of a concentrate (1401. The concentrate is made up of a

mineral oil, one or more emulsifiers, and a number of additives, including

boundary additives, wetting agents, deoxidants, foam suppressants, and

bactericides.

Roll Coating

The lubricant for the reversing (breakdown) mill is chosen to strike a

delic, t' balance between controlled roll pickup and a sufficiently high coef-

ficient of friction. Heavy reductions (of the order of I to 3 in. per pass on

readily workable alloys) are desirable for the sake of economy, and the

coefficient of friction must aot drop below a limiting value; othek-w.se the

rolls refuse to bite.

Pavlov (48) quoted friction coefficients of the order of 0. 25 for clean,

rough ground rolls, 0. 45 for crazed roll 3urfaces. and 0.55 for rolls coated
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wvith an adhering layer of aluminum. It might appear that these values are

too high for lubricated rdlling. Considering, however, that with a coefficient

of friction of 0.2 and a roll diameter of 40 in. the maximum reduction would

be limited to 0.8 in., it is obvious that low friction values cannot be tol-

erated. In fact, Varley [631 found sticking friction in full-scale rolling ex-

periments with convent!onal emulsions. On the other hand, poor lubrication

would allow the buildup of a heavy and unstable coating, which would impair

the quality of the product. Intimately interwoven is a requirement of ade-

quate cooling for the prevention of uncontrolled lubricant breakdown, de-

velopment of a controlled thermal camber, and protection of the rolls gzainst

excessive temperatures. While the composition of hot rolling emulsions is

usually a closely guarded secret, some of the desirable properties and their

effect on the formation of roll coating has been discussed in some detail

[140-144] in particular by Snow [1411.

When a freshly ground roll is taken into service (Fig. 6.29a), coating

builds up gradually, the rate of buildup depending on the lubricant, the alhoy

composition (pure aluminum generally giving a heavier coating), and the

1 t4('(b

Fig. C.29. The surface appearance of hot-rol~ed aluminum blanks 11411.
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severity of the operation as reflected by pass reductions and rolling tempera-

tures. Problems may be compounded when the emulsion does not work par-

ticularly well with cold rolls. The coating is believed to consist mostly of

aluminum, although some oxides and probably lubricant residues may be

incorporated into it. In the main, however, contact is essentially that of

aluminum against aluminum after the initial coating has built up. Ideally, the

coating should be just thick enough to permit heavy reductions, and it should

be hard and stable (Fig. 6.29b).

If eqiiilibrium is disturbed-for example, by deterioration of the emul-

sion or by changing to a different alloy or production schedule-the coating

may become unstable (Fig. 6.29c) and masses of coating particles, usually

of rather small size, are detached. Many will be washed away by the lubri-

cant flow, hut some of them become rolled into the slab surface (Fig. 6.29d).

These particles become visible at a later stage of rolling, especially if the

sheet is anodized [1441. The condition of the roll coating may be checked

by taking sheet samples at the hot mill and inspecting them after anodizing.

In high-productivity mills control of the coating is often found near impos-

sible by purely chemical mear and mechanical control is resorted to.

Wooden wipers made of blocks turned to their end grain are pressed on the

surface; in continuous contact with the roll surface, they smooth the coating

and control its rate of buildup. More powerful is the effect of power-driven

rotary wirebrushes which may be brought in contact with the rolls when

deemed necessary, and the roll coating may be partly or fully scoured off.

Tn four-high mills, contact between work and backup rolls exerts some con-

trol over coating buildup, at least by evening it out.

The quality of the surface is also influenced by the material of the roll.

The view has been expressed that cast rolls craze more rapidly (1421 and
that the graphitic carbon may wear out [143], thus imprinting a network on

the slab surface. In addition, coarser defects originating from the ingot

structure may be intermingled. Thus, in alloys prone to segregation local-

ized hot shortness between grains may cause hot tears, which are then fi!led,

with lubricant and fail to weli on subsequent rolling. Luhricat trapped in

these mechanically sealed defects gives rise to blister formation on subse-

quent annealing.

In the production of very high quality sheet by earlier batch methods,

it was customary to give a caustic etch to the hot-rolled blank so as to
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remove the surface with all of its imperfections. This is now judged un-

economical in most instances, and close control of the coating is the primary

means of assuring adequat3 quality of the finished sheet.

Lubricating Mechanism

The mechanism of lubrication by emulsions is by no means understood.

It has been postulated that a steam pad helps separate the roll and slab sur-

faces [142]. More likely, however, a thermal-mechanical breakdown of the

emulsion occurs in the contact zone. It has been suggested that surface-

active compounds incorporated into emulsions would remain preferentially

with the oil gnase and, on entering the roll gap, would displace the water

film with an oil film on the roll surface [142]. This concept is somewhat

similar to "plating out" of lubricants in the cold rolling of steel. Some

calculations by Butler (140] have shown that even a thin film would present a

substantial thermal barrier, and It is conceivable that the deposited oil and

oil residues act as a parting agent and also keep temperatures low enough to

prevent total decomposition. Contact would be essentially boundary, and this

view is confirmed from the appearance of the surface of hot-rolled blank of

acceptable quality (Fig. 6.29b). The blank surface is uniformly covered with

minute smeared-over protrusions, similar in appearance to fish-scale, but

contiguous with the substrate. Only when coating troubles begin to develop

will actual folding over, shown by Herenguel [143], be observed.

Hot Rolling Emulsions

There appears to be no universal agreement on the desirable properties

of an emulsion. The majority view regards very stable, translucent emul-

sions as poor lubricants. Less stable emulsions or even mechanical dis-

persions are good lubricants but cause problems in recirculating systems,

are more difficult to filter, and could also make pasty coatings that tend to

become unstable. The stabil'ty of an emulsion is, of course, greatly influ-

enced by the nature of the emulsifier and its reaction to water hardness. in

this respect, ionic emulsifiers are likely to suffer more because the calcium

of hard water will combine with them and render the emulsion unstable.

Nonionic emulsifiers adapt better to differing water qualfties but are more

expensive. Recently, therm has been a noticeable trend towards the use of

deionized water. It is also considered that low ash contents are desirable,
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and this aim may be achieved by using ammonia rather than sodium soaps as

ionic emulsifiers [1.40,1.

The dispersed phase is usually a mineral oil; although the highly viscous,

heavily compounded oils are considered better lubricants, they are 'pt to

stain when the strip is coiled up. Therefore, lower viscosity oils with rela-

tively nonstaining additives are more popular. In this respect, it is inter-

esting to note that the coefficient of friction as measured by the angle of

acceptance on clean abraded steel rolls was reported [1451 to increase from

0.35 to 0. 55, as the base oil viscosity of experimental 5% oil-in -water

emulsions decreased from 8500 to 200 Redwood 1 sec in the rolling of 2.5 in.

thick commercial aluminum blocks at 550 0 C. After the coating had built up,

roll force and torque were also found to be higher with the lower viscosity

oil. Emuisions for breakdown milib, whe. e a large angle of acceptance is

needed, tend to be based on lighter viscosity oils, while n ore heavily com-

pounded and higher viscosity oils are permissible on tandem mills where the

absolute reductions are smaller but high percentage reductions are desired.

Sometimes these requirements are met by using the same lubricant at a

lower concentratiorn on the reversing mill and at a higher concentration on

the finisling mills. A further factor enters into the choice -)f the emulsion

when the reversing mill comprises resin-impregnated fabric roll neck

bearings, which are lubricated by the emulsion. Emulsion temperature is

then usually controlled between 30 and 500C.

Variable importance is attached to the wetting p-operties of the emul-

sion. Some emulsions contain wetting agents which are replenished simply

through the periodic addition of emulsion concentrate; others employ sep-

arate wetting agents. Snow [141] pointed out that not all wetting agents are

necessarily effective, and not all 1f those that are effective can be used

because trotiblesome foaming may develop.

The emulsin is always recirculated. Great care is taken to assure

unifrrm distriLution of the emulsion over the roll surface, and individually

adjud.able apray nozzles are mandatory to compensate for changes in

thermal camber. Metallic fines, accumulated soaps from hard water, and

tramp oil and greases have to be removed. The l-bricant system usually

includes a filter bed with a wo', .n or fibrous filtering medium that is ad-

vanced automaUcally. Centrifuging is efficient on stable emulsions, but

activated (fuller's earth) filter.- v'ould remove surfacints. Tramp oils
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are difficult to separate and are often found responsible for emulsion break-

down and for staining; they are best dealt with by eliminating the source of

contamination.

An emulsion will age even in the best lubricant system. An extensive

check is routinely kept on the quality of the emulsion by carryirg out tests

for oil concentration, alkalinity (regarded by some as an indicator of lubri-

cant breakdown), concentration of metallic fines and of ash, saponification

value, as well as for wetting (Section 5. 9) and staining (Section 5.8).

Development of hot rolling lubricants has been hampered by inexplicable

differences in lubricant performance on different mills, even when they work

ostensibly under almost identical production conditions. Obviously, much

remains to be learned yet about the mechanism of lubrication by aqueous

emulsions and dispersions, about the exact mode of lubrication in the con-

tact zone between the hot metal and the roll, and about the dynamics of

coating development and breakdown. An ideal lubricant would prevent coat-

ing buildup altogether, yet without dropping the coefficient of friction to

values where rolling becomes impossible. This objective may be unattain-

able, but it is conceivable that by control of roi! surface finihes and by

allowing a minimum of pickup, a very stable, durible and thin coating could

be developed, without resorting to mechanical means of preventing excessive

coating buildup.

6.52 Cold Rollin Lubricants

Until very recently, all lubricants for the cold rolling of aluminum were

composed of a mineral oil base and suitable adcditives. Past efforts at re-

placing them with emulsions failed because of water staIaing and corrosion

occurring on storing the corls prior 'o annealing or shipmen;k. Claims have

been made regarding the development of satisfactory cola rolling emulsions

[541, but no data could be found in the literature yet. The.-efore, the follow-

ing discussion will be restricted to lubricants with a miner'l oil base.

Experimental evidence quoted in Section 6.21 has established beyond

doubt that lubrication in the rolling of aluminum is of the thin-filht type, in

which boundary or hydrodynamic lubrication prevpils depEnding on process

conditions. Coefficients of friction measured in the rolling of aluminum

(Tailes 6.21 and 6.22) are also typical of thin-film or mixed lubrication.
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TABLE 6.21

Coefficient of Friction Measured in Rolling Aluminum Strip [11]

Pass Reduction Coef. of
Lubricant No. % Friction (pi)

Dry 1 23.5 0.092

2 23.0 0.101

3 22.0 0.100

Paraffin (kerosene) 1 24,5 0.081

2 21.3 0.087

3 29.0 0.070

Paraffin + 1% oleic acid 1 24.8 0.059

Paraffin + 5% lead oleate 3 27.5 0.056

Paraffin + 5% sodium oleate 3 27.9 0.059

Graphite in SAE 30 oil 1 33.5 0.055

Palm oil i 24.0 0.066

3 33.4 0.066

4 47.7 0.069

Castor oil 3 21.6 0.057

Lanolin 4 25.4 0.025

Conditions as in Table 6.4, but 0.067 x 1.5 in. annealed, commercial
purity Al strip.

TABLE 6.22

Coefficient of Friction in Rolling Aluminum Strip [112]

Pass Reduction, Coef. of
Lubricant No. % Friction (p)

None 1 29.2 0.12

2 20.5 0.13

Paraffin (kerosene) 1 25.7 0.066

+ 5% stearic acid 2 37.4 0.064

Dynamo oil 1 22.0 0.063

2 20.0 0.062

Graphite in oil 1 31.0 0.045

2 28.0 0.048

Coconut oil 1 42.3 0.048

Conditions as in Table 6.5, but 0. 040 x 1.35 in. cold rolled 99. 5% Al
strip, TS 22 kpsi.
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Consequently, both lubricant viscosity and the presence of additives are of

great importance.

Effect of Lubricant Viscosit

With an uncompounded mineral oil containing no boundary additives, the

friction coefficient should decrease with increasing viscosity, by increasing

the average thickness of the lubricant film for any given pass reduction and

rolling speed. This is most clearly reflected in the experiments of Iwao et

al. (391 (Table 6.23). Assuming that the kerosene fraction was predominantly

paraffinic, the total elongation obtained in 6 passes increased with increas-

ing viscosity in the series composed of kerosene, lubricant C-40, and C-100.

In contrast to the poorer performance of naphthenic oils found in the rolling

of steel (Table 6. 6), friction on aluminum was invariably controlled by vis-

cosity, irrespective of whether the lubricant was predominantly paraffinic

or naphthenic, or a mixture of the two (Table 6.23). The relatively high

elongation given by the nonrefined light oil must be attributed to the presence

of polar impurities. Even polybutenes which performed poorly on steel gave

reductions similar to those obtained with mineral oils of comparable viscosity

on aluminum.

TABLE 6.23

Lubricant Performance in Rolling Aluminum Strip [391

Total
Viscosity, cs Elongation

Lubricant 37.8 C 98.9 C - 0)/L

A Kerosene fraction 1.8 0.9 2.3

B Nonrefined light oil 3.2 1.3 2.7

C40 Paraffinic Al-rolling base oil 4.0 1.5 2.4

D60 Naphthenic mineral oil 9.8 2.4 2.9

C100 Paraffinlc mineral oil 21.8 4.2 3.1

D100 Naphthenic mineral oil 21.0 3.8 3.1

50% C100 + 50% D100 21.6 -- 3.1

LV5 polybutene 13.8 - 2.9

LV10 polybutene 16.9 3.5 2.95

Polybutene 21.7 4.0 3.15

0.040 x 1Y 'A. mill hard Al strip, rolled at 85 fpm in 6 passes.
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Additives

Virgin aluminum adheres to tLie roll surface; fortunately, it is also highly

reactive and is readily protected by polar boundary additives. A comparison

of curves for mineral oil axd compounded oil in Fig. 6.3 reveals that the

boundary additive affected roll .'orce, forward slip, and coefficient of fric-

tion only slightly in the predominanCy hydrodynamic regime of lubrication

but caused a very marked drop in all these values in the predominantly

boundary regime.

Fatty acids are the most efficient, and the presence of even 0. 2% oleic

acid assures greater reductions. As shown by Chertavkish (quoted by

Pavlov [48]), the effect tapers off and little improvement is gained above 1%

addition. Saturated fatty acids are generally more effective, as has been

shown by Guminsid and Willis [146] in plane-strain compression experiments,

and this o&servttion should apply also to rolling. Saturated acids, however,

tend to be less soluble in mineral oils and have not been investigated in de-

tail. For similar chain lengths, fatty alcohols are somewhat less effective

than acids, but have been proposed [146] as additives for their low staining

tendency.

Fatty oils were once used extensively in the neat form. Their high

viscosity assures extremely low friction (lanolin in Table 6.21 and coconut

oil in Table 6.22), but their efficiency as additives to mineral oils depends

greatly on their free fatty acid content. Improvement is rather modest

when the fatty oils are almost neutral. For example, Schey [161 has found

that 5% lanolin was needed to drop roll forces as much as 1% oleic acid

would, and rapeseed oil could not match this performance even at 10% con-

centration (Table 6.24). Kleinjohann [147] also found that p (calculated from

forward slip) decreased only gradually from 0. 09 to 0. 055 as the "plant oil"

content of a lubricrant was increased from 5 to 35%. It is likely that much

of the improvement could be ascribed to increasing viscosity with the addi-

tion of lanolin and other fats. If the viscosity of the base oil increases, the

greater average thickness of the oil film allo.ms less boundary contact;

therefore, the effect of boundary additives diminishes (Fig. 6.30) and be-

comes unnoticeable when almokit full-fluid lubrication is attained.

E. P. additives are regarded as ineffective and have apparently not been

investigated in detail. Some limited data available suggest that graphite

sidec to oil reduced friction (Tables 6.21 and 6.22) although the magnitude
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TABLE 6.24

Lubricant Performance in Rolling Aluminum Strip [161

Viscosity
Lubricant Additive Redwood 1 sec Poll Force,

Base Type % 70 F 20 C 1db/in, width
Paraffin - 1.9 60.5

(kerosene)

Mineral oil 45 7.3 53.5

Mineral oil Rapeseed oil 1 45 - 54.5

Mineral oil Rapeseed oil 5 46 - 54.0

Mineral oil Rapeseed oil 10 50 - 52.0
Mineral cil Lanolin 1 45 -- 53.0
Mineral oil Lanolin 5 49 - 50.5

Mineral oil Lanolin 10 57 - 47.0

Mineral oil Oleic acid 1 45 - 50.0

Roll force obtained with constant roll setting on 14.3 in. diameter rolls of

3 Ain. AA roughness at 43 fpm, 0.080 x 3.0 in. mill hard Al-i. 25% Mn

alloy strip.

z

U-C -0.3

60.2-

U-0.1 *

VISCOSITY, cs AT 37.86C

Fig. b. 30. The effect of mineral oil viscosity in cold rolling

aluminum (solid line: mineral oils; broken line: with oleic acid [391.



6. ROLLING LUBRICATION 431

of the effect is difficult to determine in the absence of comparative data for a

base oil of the same viscosity. However, graphite tends to cause pitting cor-

rosion and is usually avoided.

Staining Propensity

Staining is a particularly severe problem with aluminum rolling oils,
because the high reflectivity of the metal makes all stains immediately

visible, and also because annealing temperatures are low enough to prevent

distillation of all but the lowest boiling point lubricants.

The staining propensity of mineral oil fractions increases with the chain

length of the molecule; therefore, it also increases with the boiling range,

viscosity, and flash point of the lubricant (Table 6.25). Lubrication with

very light oils may be improved with suitable boundary additives, but the

very low flash point still presents exceptional fire hazards. Therefore, very

narrow cut (boiling range typically e0 0C) mineral fractions are usually de-

sirable which contain a minimum of light fractions that create the fire hazard

and a minimum of the heavier fractions that would cause staining. It has

been stated [1461 that paraffinic oils stain less for the same viscosity than

do aromatic or naphthenic ones. For the same boiling range, mineral oils

containing unsaturated compounds (as indicated by the bromine number) or

sulfur stain much more heavily (Table 6.26).

TABLE 6.25

Staining of Light Petroleum-Base Fractions [1401

Boiling Viscosity Flash
Rasnge, at 25'C, Point

Fraction oC cs °F (°C) Staining at 350 0 C

1 140-180 - - None

2 180-200 - - Very slight

3 200-225 1.64 158 (70) Slight

4 225-250 2.38 183 (84) Slight

5 250-275 3.13 246 (119) Slight

6 275-300 5.61 240 (116) Slight

7 300-324 8.70 283 (139) SligJ- to -noderate
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TABLE 6.26

The Effect of Unsaturation, Sulfur Content, and Percentage of
Carbon Atoms in Ring Structure o0, Brown-Staining

Characteristics of Base Oils (1461

Percentage
Total of Carbon

iBoillag Sulfur Atoms in
"TRabe, Bromine Content, Ring Brown Staining in Can Test

"C Number % Structure At 300VC At 350"

200-225 5 0.125 39 Heavy Slight

200-250 5.2 0.13 39 Heavy Conoiderable

200-250 0.4 0.14 30 Slight None

200-250 0.6 0.006 39 Moderate Traces

200-250 0.4 0.007 32 None None

213-242 4.7 0.04 29 Heavy Considerable

240-318 0.2 0.003 22 Slight None

260-330 0.8 0.07 32 Considerable Traces

The staining propensity of additives is a function of composition and of

chain length. Guminsid and Willis [1461 found that within any one homologous

series, staining increased with chain length, and that staining of paraffins,

alcohols, aldehydes and acids was proportional to the polarity of the mol-

ecule. Thus, the highest nonstaining member of paraffins contained 14 car-

bon atoms, that of alcohols 10, of aldehydes 8, and of acids only 6. If the

lubricating efficiency of these additives is judged from the reductions obtained

in the plane-strain compression test, the alcohols show the best combination

of lubricating ability and low staining (Table 6.27). The same authors also

indicate that white staining is a direct function of acidity and, for this reason,

tWey suggest that acids should be avoided; it would appear, hiowever, that

their criteria must have beer too strict, because lubricants compounded with

fatly acids have been used industrially with considerable success.

6.53 Cold Rolling Lubrication Practices

The base oil of the aluminum rolling lubricant is usually chosen at the

highs..t viscosity compatible with low staining tendencies. Since staining Is

less critical !n the early stages of cold rolling, somewhat heavier oils
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(typically 100 SUS at 1000F) have been used for heavier gages, and a lighter

fraction of typically 35 SUS at 1000F (or 45 Redwood 1 sec at 700F) for in-

termediate and finishing passes [54, 148-150]. The high rolling speeds of up

to 2000 fpm aid in building up an efficient lubricant film and permit reduc-

tions of 50-60% per pass. Finishing passes call for a very low viscosity

lubricant if a bright finish is to be obtained, and kerosene has been used.

A relatively low viscosity is desirable because circulation of the large

oil quantities required for cooling of the rolls and of the strip is facilitated

and because too high a viscosity could cause slipping of the strip in the roll

gap. A very low viscosity would, however, create exc.essive fire hazard

because of the too low flash point; when the recirculating system is operated

at pressures in excess of 100 psi, fires and even explosions could occur if

the oil mist ignited by a diesel effect [150]. A flash point below 12U0C calls

for special caution, and 1400C is preferable.

For minimum staining a highly refined paraffinic (less than one third

by weight aromatic and naphthenic hydrocarbons) oil with a narrow (60-90°C)

boiling range has been recommended [146], with a bromine number below 1,

sulfu.- content below 0.08%, and with inherent resistance to oxidation.

Guminsik and Willis [1461 developed an accelerated aging test in which ap-

proximately 1% of aluminum drillings is added to the lubricant, which is then

kept for 24 hr in an open bottle in an oven heated to 110'C. Acidity and

staining are then determined, and the criterion 4s given that acidity should

not increase over 0.025 mg KOH/g after 24 hr.

All lubricants contain additives, which are chosen for ly., cost and good

boundary lubricity. Oleic acid in concentrations up to 2.5% has been used.

Lanolin, palm oil, and other fatty oils have also been employed, but the poor

i-eproducibility of their properties makes them less desirable additives. They

become really effective only if free fatty acids are present, either inten-

tionally or as a result of gradual decomposition. Fatty alcohols and "syn-

thetic additives" of undisclosed composition have been recommended too.

Some lubricants also contain antioxidants and, rather rarely, wetting agents.

The rolling qualities of a lubricant are judged in practice either from roll

forces, if means foi ýheir measurement are available, or from the naximum

reduction that can be taken without the appearaace of the herringbone defect

(Section 6.28). Guminski and Willis 11461 found that plane-strain compres-

sion results correlated well with the rolling performance judged from the



6. ROLLING LU:l RICATION 435

onset of herringbone on a tandem mill delivcring strip at 1300 fpm, and that

laboratory staining tests gave a good indication of brown and white staining

experienced in a production trial, with staining observed on the slitting and

coiling line.

The c•hoice of the rolling oil will also be influenced by the annealing

practice. When the strip surfaces are exposed to the furnace atmosphere in

continuous anneal, the oil evaporates without leaving residtes even at tem-

peratures that would cause severe brown staining in a coil form. Oil trap-

ped between layers of a coil is subjected to a gradual distillation; the

temperature gradient existing between the surface and the center of the coil

and the limited access of air to spaces removed from the coil edges combine

to cause a band of brown staining close to the strip edge. The strip edge

itself is usually clean because sufficient oxygen is present to assure com-

plete oxidation of the carbonaceous material. The center of the coil shows

brown stains only in extreme instances, probably because the lubricant is

gradually driven off in the absence of oxygen. Staining becomes a severe

problem when a low-temperature (typically 180-260C) recovery anneal is

given. Interleaving the strip with tissue paper may then help to absorb the

lubricant. In any case, staining may be considerably reduced by limiting

the amount of residual oil on the strip surface, at least by applying well-

constructed air jets at the exit side of the strip, and sometlmb. also by felt

wipers or edge rollers that soak up excess oil. Tramp oils, especially oil

leakage from roll neck bearings, are often the most trcublesoni, source of

staining, and various efforts have been made to improve the oil seals, chawge

the lubricants to a nonstalning synthetic variety, or construct bearings that

can operate satisfactorllj with the very low viscosity rolling lubricant.

Older, slow-speed rolting mills needed little cooling, therefore, the

lubricant could be applied by dripping on the rolls or to wipers applied to

the strip surface on the entry side. Felt wipers on the rollj help to dis-

tribute the oil and also accumulate debris but may develop superficial, un-

even roll wear that imprints as a streaky surface on the rolled product.

At speeds above 200-300 fpm, flood lubrication is essential. Large recircu-

lating systems with advanced methods of filtrition v ,re first developed for

aluminum rolling lubricants. Usually, the total flow is passed through wire

* "esh filters, and a bypass flow of 10-20% is treatea with active earth Mters.

Oils containing lanolin had to be heated to 50 0C; other additives may be
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filtered at ambiznt temperatures but some loss of surface-active compounds

is unavoidable. Systematic checks on viscosity, staining propensity, and

additive content are run and appropriate additions are made. The purpose

of filtration is to keep the ash content low (typically below 0.05%). Ash

consists mostly of aluminum fines wbich do not seem to impair the lubricat-

Ing qualities of the oil but cause a dirty strip finish and may also contribute

to staining.
Sendzimir mills again present a special case because the lubricant must

be suitable fur lubrication of the bearings, too [151). For protection of the

bearings, 30-60% of the total flow is passed through earth filters. The roll-

ing mills are usually fitted with exhaust hoods that remove oil vapors. Par-

ticularly when Ughly flammable kerosene is used as a coolant, sufficient air

is entrained to ensure a noncombustible mixture [152]. After extracting the

oil, the exhaust air is released to the atmosphere. Fire extinguishers

capable of quenching a fall fire with CO 2 gas flow are incorporated and may

be operated manually or tutomatically.

The rate of lubricant supply has increased over the years, and is now

typically of the order of 10-20 gpm per inch width of rolled strip at pres-

sures of 20-150 psi.

6.54 Foil iflling Lubricants

A substantial proportion of rolled aluminum strip is fiuni'h rollcd into

foil, in gages between 60 and 12 p. With the usual 8 to 16 in. work roll

diameters, rolling takes place under conditions of limiting reduction and,

apart from the effect of tension, the most A3gnificant variable is that of

lubrication.

Iubriciats are very similar to those used in rolling aluminum strip

[15M, 15,%]. In order to assure reductioae of 50% per pass, heavier lubri-

cants are selected for the initial stages of rolling, Finishing passes,
however, must be made with the lighter lubricant (typically of 42-45 Redwood

1 sec at 70'F), partly to assure the desi:ed bright finish and partly to avoid

dauaage to the foil in the last pass. Even with adequate control of tensions

and of lubrication, it would be difficult to attain the desired reductions on a

single strip of 12-20p thickness; thlrefore, it is customary to roll two

strips together (pair rolling).
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Pair rolling can lead to undesirable unevenness of the contacting strip

surfaces, reviewed in some detail by Brzobahaty [155]. Since orientation

differences in recrystallized, coarser size grains are the primary cause of

overall waviness, process annealing is usually limited to low temperatures

where only recovery occurs. While slight roughening and consequent loss of

luster are still to be expecked on the mating surface, heavier localized de-

fects may be introduced by e' ._aive lubricant entrapment. Damage be-

ccmes more severe with increasing lubricant viscosity, and can lead to

perforatlem of the foil. Such perforation sometimes extends in a line in the

rolling direction, following the breakup of an individual oil drop into smaller

droplets. A very thin lubricant film is desirable because it prevents stick-

ing (welding) of the paired foil during rolling and annealing.

The sensitivity of aluminum to the speed effect (Section 6.23) is put to

practical use for the control of overall gage, in combination with back tension

and roll preload setting.

Even though the size of aluminum particles suspended in the lubricant is

small, the danger of perforating the foil by rolled-in particles is great;

filtration is conducted with great care and active earth filters usually handle

50-60% of the total flow. Cooling and flameproof heating systems are incor-

porated for accurate control of lubricant temperature.

6.6 COPPER AND BRASS ROLLING LUBRICANTS

Slabu of copper and its alloys are either semicontinuously cast or cast

into permanent or water-cooled molds. Initial breakdown is usually, but not

always, by hot rolling; surface Imperfections are removed either by scalping

the cast slab, or by mi'ling the whole surface of the hot-rolled slab of ap-

proximately 0.5 in. thickness. Further rolling is carried out cold, on

single-stand or tandem mills.

6. 61 Hot Rolling Lubricants

The oxidcs of copper are rea3onably gc3d lubricants and parting agents,

and the oxides of brass also serve well erough to separate the roll and

workplece surfaces during rolling (Section 4.28). Therefore, hot rolling of

copper and copper-base alioys is usually carried out without a lubricant in

the laboratory, but in high production mills there is a need for a roll
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coolant, usualy mineral oil emulsions [156]. A light smear of the roll sur-

face with a fat has sometimes been used but is of doubtful value (157].

6.62 Cold Rolling Iubricants

We have seen that copper and some of its alloys adhere rather readily

to the roll surface and cause a "copper cast." For some obscure reasons,

this does not recessarily raise the coefficient of friction, as shown by the

relatively low friction values in Tables 6.28 to 6.30, even for dry rolling.

Mineral oils will lower friction in proportion to their viscosity (Table

6.31). Boundary additives are rather ineffective, as far as can be judged

from the meager information available (Tables 6.28 to 6.31). Even less is

known about the lubricating value of extreme pressure additives; sulfur

causes severe staining and is usually limited to below 0.55%. Johnson [1581

rolled cartridge brass at 600 fpm and calculated friction from measured roll

force. He found extreme pressure agents ineffective, "oiliness additives"

(probably boundary additives) only moderately effective, and a mineral oil of

300 SUS viscosity at 100°F gave friction values similar to that of neat lard

oil. Calculated friction coefficients were of the order of 0.06 to 0.08, gen-

erally somewhat higher than those reported in Tables 6.28 to 6.30.

At speeds in excess of 500 fpm, roll pickup, side skiddiag, and inade-

quate cooling were reported by Belfit and Shirk [159] even with low viscosity

(50 SUS at 100*F) oils. Separately applied oil and cooling water are still

found on slower mills but are rather undesirable because residual oil could

cause staining on annealing. Emulsions applied in a recirculating system are

now widely ui •d [156]. Emulsions are made of minerall oil (sometimes with

fatty additives) and appropriate emulsifiers (such as sulfonates) to give a

stable or slightly unstable emulsion. Silfur-containing c(.x.pounds are

avoided, both as additives and as emulsifiers, because o^ thc staining they

cause on copper-base alloys. The viscosity of the base c'I Its generally

higher (around 200 SUS at 100½F) for initial breakdown passes, and lower on

the finishing mills. Emulsion concentrations also tend to be higher in initial

heavier passes than in finishing ones. The recirculating system is kept in

condition by regular checks of concentration, ash, and pH. S.reen-type

filters remove larger particles, wAj~e copper and brass fine5 4re trapped by

free oil and are removed from the surface of the tank. Increasing sophistilca-

tion of the emulsions will undoubtedly lead to stricter contro!.' and to filtra-

tion through beds used for aluminum rolling lubricants.



6. ROLLING LUBRICATION 439

TABLE 6.28

Coefficient of Friction Measured in Rolling Copper Strip (11]

Pass Reduction Coef. of
Lubricant No. % Friction (pA)

Dry 1 29.0 0.093

3 31.0 0.069

4 12.4 0.071

Water 1 26.0 0.075

Paraffin (kerosene) 1 23.9 0.067

3 31.5 0.068

Graphite in SAE 30 oil 2 32.4 0.061

Palm oil 1 26.9 0.075

2 28.4 0.066

Olive oil 2 30.2 0.058

Castor oil 3 34.1 0.046

Conditions as in Table 6.4, but 0.062 x 2 in. OFHC copper strip.

TABLE 6.29

Coefficient of Friction Measured in Rolling Brass Strip [111

Pass Reduction Coef. of
Lubrication No. % Friction (p)

Dry 1 15.1 0.093

Water 1 29.2 0.061

Paraffin (kerosene) 1 15.0 0.067

Graphite in SAE 30 oil 2 27.8 0.049

Olive oil 1 33.8 0.057

5 28.0 0.055

Lanolin 6 28.0 0.043

Conditions as in Table 6.4, but 0. 062 x 1.5 in. 63/37 brass strip.
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TABLE 6.30

Coefficient oa Friction in Rolling Brass Strip [1121

Pass Reduction Coef. of
Lubricant No. % Friction (p)

None 1 28,1 0.104

2 25.4 0.108

3 22.4 0.082

Paraffin (kerosene) 1 16.3 0.082
+ 5% stearic acid

Dynamo oil 1 27.6 0.043

2 24.7 0.053

3 19.7 0.062

Graphite in SAE 30 oil 1 19.0 0.057

2 18.5 0.057

3 21.6 0.062

Coconut oil 1 3.6 0.055

2 3.6 0.048

3 11.3 0.064

Lanolin 1 16.0 0.029

2 9.8 0.044

3 22.3 0.041

Castor oll 1 9.3 0.030

2 27.4 0.039

3 18.2 0.037

4 15.0 0.038

Conditions as in Table 6.5, but 0.040 x 1.35 in. 60/40 brass strip with
60 kpsl TS.
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; TABLE 6.31

Effect of Lubricant on Reduction Obtained in Rolling Copper 1211

Reduction,
Lubricant Type Characteristics %

Mineral oils 70 SUS at 100 F (38 C) 19.0

600 SUS at 100 F 22.5
600 SUS + 5% stearic acid 23.5

Fatty oils Typical animal fat 31.0

More viscous fat 34.5

Stearic acid 27.5

"Water soluble" Experimental 24.5-59.0

0.0055 x 0.250 in. annealed strip; conditions as in Table 6.7, but roll force
1600 lb.

Special alloys of copper are produced in smaller quantities, narrower

widths, and at slower rolling speeds; cooling is therefore less Important.

Bastlan [157J suggests medium-viscosity (130-150 SUS at 1000F) mineral

oils compounded with 20-30% of fatty oils and fatty acids.

6.7 TITANIUM ROLLING LUBRICANTS

Titanium and its alloys present one of the most formidable rolling tasks

for two principal reasons. First, titanium adheres readily to the roll sur-

face, yet does not react readily with common lubricants. Secondly, the yield

strength of the material Is high at room temperature, and texture hardening

resulting from preferential orientation in a-titanium and titanium alloys in-

creases its resistance to transverse compression; therefore, rolling forces

are extremely high and conditions of limiting reduction are very soon reached.

For these reasons, it is preferable to conduct as much rolling as possible at

elevated temperatures-where the oxide affords some protection against roll

pickup, the yield stress is substantially lower, and lubrication is mostly a

matter of cooling-and to limit cold work to thin gages only.

Rolling to thicknesses of approximately 0.1 in. presents no particular'

problem. Below this gege, strip I$ usually processed on cold mills, with
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frequent process anneals (typically after 20-40% reduction). Mills with

small work-roll diameters, such as the Sendzimir and Schloemann mill are

favored because roll forces are reduced and the effect of roll flattening

minimized. Alternatively, sheet may be hot finished by pack rolling in hand

sheet mills between steel sheets [160]. A parting agent such as lime and

alumina powder is put between the sheets to prevent sticking. This tech-

nique, however, Is likely to fade out. Obviously, the technology of titanium

rolling is not yet established and development of powerful lubricants will be

a kcey in future efforts.

6. 71 Hot Rolling Lubricants

No specific publications dealing with hot rolling lubrication could be

located; It can be surmised, however, that at the low production rates

typical of today, the oxide (discussed in Section 6.21) Is adequate as a part-

ing agent and separate cooling is not necessary. After initial breakdown in

the ( range (typically about 18000F), finish rolling is usually conducted in the

a+,8 range (typically around 1600 0-1700 0 F), where the yield stress is sub-

stantially higher. The reasons for this practice are not entirely clear, and

finishing in the ) range would probably solve some of the problems, provided

the properties of *he finished product are acceptable.

6. 72 Cold Rolling Lubricants

Very few investigations have been published on the efficiency of lubri-

cants ior the cold rolling of titanium. Wilcox and Whitton [1611 rolled 0. 037

in. thick commercially pure titanium strip at 80 fpm on 8 in. diameter rolls

havingasurfaceflnishof 2 to3 Min. AA. Taking three passes of 4-5% reduc-

tion each, first-pass reduction curves were constructed and the efficiency

of lubricants and surface treatments was judged from rolling force calcu-

lated for a 10% reduction (Fig. 6.31). It will be noted that, irrespective of

surface treatment, the straight mineral oil A (viscosity 750 Redwood 1 sec

at 70"C) was slightly better than the same oil compounded with eulfur and

chlorine E. P. additives (lubricant B). A soap consisting of potassium

palmitate and stearate, applied in a 25% aqueous solution to the strip (Und

presumably allowed to dry), was considerably better on all but the oxidized

surface (lubricant C). Lanolin (lubricant D) was the best conventional

lubricant, undoubtedly because of its high viscosity. Roll forces dropped to
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Fig. 6.31. The efficiency of lubricants in cold rolling titanium with a

10% reduction [161].

half when a fluorolube grease (lubricant E, a chlorofluorinated hydrocarbon

containing graphite) was used. It is remarked that particular care is re-

quired in handling it and that it would be unsuitable for industrial applica-

tion, but it does show the potential imprcvement that could be gained with an

outstanding lubricant. The bare titanium surface (produced by pickling in a

5% hydrofluoric acid, 20% nitric acid bath) gave generally highest friction.

Strip surface oxidized by annealing in air for 40 min at 700°C was slightly

better than an anodized film and only slightly worse than a fluoride-phosphate

coating. A cyanide-nitrided surface (produced in an aged cyanide bath by

immersing for 2 hrs at 560CC) was undoubtedly the best with all lubricants,

but the gains from surface treatment are small compared to improvements

due to lubrication with higher viscosity substances. It is not clear at all

whether chemical reactions had any part in improved lubrication.

Rather similar results were registered by Pavlov et al. [162) in rolling

various titanium alloys from 0.060 in. thickness on 7 in. diameter rolls. A

synthetic compound consisting of esters with amino groups allowed reduction

to 0.030 in. in 5 passes, but edge cracking occurred at thinner gages. Castor

oil was the next best and was most suitable for thinner gages. Fatty esters,

with free oleic acid added, proved ineffective.
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6. 8 REFRACTORY METAL ALLOY LUBRICANTS

Refractory metals such as tungsten, molybdenum, columbium, tantalum,

and their alloys present a number of rolling diffieultie'i [1631, but few of

them are associated with friction. I any of them show limited ductility in

the as-cast condition, or are more conveniently cast to a round ingot. A

sheet bar is then extruded or forged which is further hot rolled into sheet.

True hot working temperatures are very high, between 16000 and 19000 C, but

many alloys cwu be effectively "warm worked" between 900° and 1200'C.

Periodic recrystallization anneals are then needed. Tho basic concern is

that gas pickup from the atmosphere impairs the properties of the material

and that rapid oxidation and volatilization of the oxide occur. Four ap-

proaches have been uaed:

1. The billet is heated in an inert atmosphere and then rolled on con-

ventional equipment, with transfer times kept to a minimum. The oxide

formed on exposure to air serves as a lubricant.

2. The billets are heated and rolled under a protective atmosphere or in

high vacuum, thus eliminating oxidation at all stages of processing. 'Iis

calls for special equipment, and lubrication with a suitable substance

(usually molybdenum disulfide or tungsten disulfide) is necessary. Pcssible

contamination by contact with the lubricant has to be considered.

3. The billet is encapsulated into a steel, stainless steel, or nickel-

base superalloy can which protects it during heating and rolling. The

surface of the strip is likely to be somewhat rumpled, but the surface needs

conditioning after removal of the can anyway. Rolling temperatures must

not, of course, exceed the hot rolling temperature of the can material, and

lubrication Is usually unnecessary because the oxides part the roll and work-

piece surfaces effectively.

4. A glass coating applied to the billet protecta against oxidation during

heating and rolling. Friction may, however, be too low to permit heavy

reductions. In this respect, coating with an aluminum-12% silicon alloy

applied to the surface of the workpiece by hot dipping was found useful in

rolling a tantalum alloy [1641.

Generally, the working temperature of refractory metals may be

gradually lowered as the cut structure is eliminated. The same applies to

tungsten in which the ductile-brittle tranaltion temperature drops with the
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amount of prior wark. Warm rolling around 400 0C is favorable because

neither gas pickup nor oxidation occur and conventional lubricants may be

used. Organic polymers such as PTFE were found very effective In reducing

roll forces in the rolling of tungsten at 4000 C and at room temperature.

Mineral oils with suitable bc-undary and E. P. additives proved useful in

rolling at room temperature [165].

Vanadium and its alloys are readily rolled both hot and cold, and the

same applies to zirconium. The latter is used extensively in foil gages, for

which it is rolled on Sendzimir mills or other mills with small work-roll

diameters, with conventional compounded mineral oil lubricants.

6.9 OTHER METALS

Nickel and cobalt-base superalloys are usually hot rolled, and no lubri-

cant appears to be necessary. Some of them possess an extremely narrow

hot-working range, and canning in mild steel or stainless steel may be of

benefit for reduced cooling. Cold rolling, when required, is no more dif-

ficult than that of high-strength steels. Small-diameter work rolls are

preferable because of the high yield stress of the materials, and lubricants

based on mineral oils and containing boundary and extreme pressure ad-

ditives appear to be used. The samue applies to nickel and to the lower

strength nickel alloys.

Beryllium presents a special case because its oxides are toxic. It is

canned in steel when hot rolled at about 750"C. Below this temperature, the

bare metal may be rolled with appropriate precautions. It does not appear

to L.ihere to the roll surfaces sufficiently to cause special lubrication prob-

lems, although detailed information on lubrication techniques could not be

located.

Magnesium and its alloys are rolled with techniques similar to alumi-

num, except that the rolled quantities are usually small. After initial hot

rolling at temperatures around 400°3C, the sheet or strip is further rolled

at slightly elevated temperatures, typically 250-3000 C. Most alloys have

only very limited ductility below this temperature, and cold rolling is re-

stricted to small reductions per pass, followed by process anneals after

20-30% cold work. Magnesium adheres to the rell surface just as aluminum

does, and lubrication practices are somewhat similar. A smear of a min-

eral oil or fatty oil was found sufficient in hot rolltng small quantities;
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heavily compounded emulsion' are more successful for larger scale produc-

tion. Cold sheet rolling may be conducted dry, strip rolling calls for a lub-

ricant, but no information could be located on present practices. It could be

assumed that oil-base lubricants used for aluminum rolling (Section 6.52)

would work well enough.

Zinc is rolled at 1500 to 250 C with an occasional smear of a mineral

or fatty oil lubricant, or even on dry rolls.

The soft metals tin and lead were the first materials to be rolled and

require no lubrication in small quantities. When rolled to foil, a light

mineral oil serves adequately as a coolant.

6.10 SUMMARY

The extensive information presented in this chapter bears evidence of

the interest that lubrication in rolling rias evoked from about 1930 on. It

also makes it clear that increasing production rates, the introduction of new

materials, and the demand for more controlled and reproducible quality and

dimensional tolerances have quickened the pace of research and of practical

development since World War 17.

The first step of rolling operations, namely, hot rolling, requires

little more than a coolant for most materials because the oxides perform

the requisite parting function efficiently enough. Aluminum and its alloys

are not protected by the oxides and the need for ceatrolling roll coating re-

sulting from pickup has led to the formulation of some rathe•r sophisticated

emulsions. The maintenance of these emulsions is essential if uniform

surface quality is to be assured, and this has prompted the development of

effective recirculating and filtering systems. While coating control by

purely chemical means would be desirable, this aim has not been achieved

yet and periodic removal of excess coating by mechanical means is still gen-

erally practiced in high production mills. The przblems are somewhat

similar in the rolling of magnesium, except production rates ar-e usually

lower and thus difficulties are not so acute.

The cold rolling lubricant is of vital importance for all inaterials.

Invariably friction must be reduced in order to lower roll forces wid pet mit

the rolling of thinner strip in fewer passes and fewer intermedia.e =ueals.

In most modern mills, the lubricant also has to be an effective coo•ant.
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This dual function is satisfied by various means, somewhat dependent also

on the material of the strip.

Steel strip is lubricated with palm oil or improved substitutes; the total

loss system of application, with the lubricant preappIed to the strip and water

supplied at the mill, or a mechanical dispersion of lubricant in water applied

at the mill, has proven highly effective but presents serious pollution r-cob-

lems and will no doubt be replaced with closed recirculating systems. These

demand lubricants of greater stability, and the problem is that of formulat-

ing stable or only moderately unstable emulsions with a lubricqtlng perform-

ance similar to that of neat palm oil. While palm oil itself lubricates through

a thin film mechanism, in which the hydrodynamic component plays a sig-

nificant role, the lubrication mechanism operative with emulsions is not

understood, and it is likely that a better understanding of controlling factors

will be necessary before fully satisfactory or even superior emulsions can

be found.

Water 3taining and corrosion has led to the development of oil-base

rolling lubricants for the cold rolling of aluminum and its alloys. The

mechanism is rather well understood, and lubricants are usually tailored to

individual duties by choosing the lowest possible hydrocarbon chain length

(in order to minimize staining on annealing) compatible with the requisite

hydrodynamic lubrication. Boundary additives are incorporatid and system-

atically replenished for controlled friction and reduced adhesion. Future

development is likely to turn tc. r- .-- t,- systems with their greater cooling

power. The prollem appears to : ncwt so much in adequate lubricating power

but in avoidance of staining.

The steel and aluminum lubrication techniques are applicah!e to most

other materials. Since production rates are usually low er, coolir.g is often

a less important consideration. The chemically inert materials such as

stainless steel and titanium do not respond to boundary additives and only to

a limited extent to extreme pressure lubricants. Higher viscosities provide

a partial solution, but better lubricants are still desirable if roll loads are

to be kept reasonably l,7v avd, at the same time, an acceptable surface

finish produced.

The rolling t~f !trlp is and will remain the highest volume metalworking

process, and efforts at I""proving lubricants will no doubt continue. A better

urderstanding of the operative lubricating mechanisms will no doubt be
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needed if substantial advances are to be made, particularly ir lubrication
with emuisions and for the rolling of some of the more difficult materliels.

It is hoped that the survey presented in this chapter will contribute toward a

more systematic approach to erapirical studies and also inspire some more

fundamental work.
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7.1 WLTRODUCTION

Although the major duty of a wire-drawing lubricant is often considered

to be to prevent or minimize wear [1], the very possibility of drawing some

compositions had to await the devwb opment of suitable lubricants. High car-

bon steel, for example, could not be drawn before the mill coat was intro-

duced [2]. Thus, the wire-drawing lubricant performs many additional func-

tions, among which are: reducing the friction in order to s.ave power, obtain-

Ing greater reductions per pass and greater total reduction between anneals,

and preventing pickup and adhesion of the wire material to the die which cause

tensile failure of the wire in extreme cases. Once these initial tasks have

been performed, industry turns tu the lubricant to minimize die wear, which

can severely limit tVe productivity of a wire mill.

There are several ways in which these objectives can be achieved; not

only is a whole range of lubricants available, but there are also a number of

recently introduced special techniques. These include methods for creating

a thick lubricant film, and vibration of die elements for a reductiun of bound-

ary friction in difficult operations.

First of all, however, it is the aim of this chapter to introduce the con-

ventional wire, bar, and tube drawing operations with respect to friction and

lubrication, and to describe the effects of several process variables on lubri-

cation. Then the most recent process modifications will be discussed, and

the special requirements for the various tube drawing methods outlined. Sub-

sequently, typical wire drawing lubricants and their properties will be listed,

and finally, recommendations made for specific materials and operations.

7.2 FRICTION AND LUBRICATION EFFECTS

7.21 Lubrication Mechanisms

It is of immediate interest to examine the means of lubricant action which

predominate in the more established techniques of wire drawing. An initial

distinction can be made betweer, "wet" and "dry" drawing practices, siuce in
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each of these operations a different prii ie function is required of the

lubricant.

As the names suggest, the basic difference is in the phyitcal nature of

the lubricant: dry drawing is accomplished with an initially ,,jjld lubricant,

while wet drawing involves a liquid. Various factors may govern the selec-
tion of one method over the other. Dry drawing has as its aim the greatest

possible reduction in area of the wire with minimum die wear; surface rough-

ness resulting from deformation of the wire surface through the thick lubri-

cant film is often of minor importance. It may become necessary also in very

low-speed drawing, e.g. of bars, where liquid lubricants would be inadequate.

Wet drawing is frequently practiced in the nonferrous industry and is also
used on steel following dry drawing, berause a bright surface finish can more

easily be imparted to the wire with a thinner layer of lubricant at the die-
wire interface. Liquids, especially water-based liquids, are more effective

coolants than solids and, as a result, are employed to prevent excessive

temperature rise in high-speed drawing-for example, in submerged dr,-wong

machines. In addition, many multi-die drawing machines are splash bAL

cated, and cannot utilize solid lubricants.

There are iAstances when these requirements overlap; liquid lubricants

might cause too much pickup in a slow-speed operation, and so a grease of

intermediate conslsricy may be employed to impart good surface finish,

Furthermore, the mode of lubrication at the die-wire interface and the re-

sultant surface properties of the drawn product are related to the drawing

speed, the lubricant viscosity, and the strength of the wire, as will be seen

in more detail in Section 7.24. Therefore, by suitable manipulation of lub-

ricant and drawing speed, either wet or dry wire drawing can often be made

satisfactory for a given wire material. The geometry of the wire drawing

process is such that two distinct regimes of lubricatio., can be obtained with-

in the practical range of process conditions. When drawing speeds and lub-

ricant viscosities are low, boundary lubrication is predomirant [3 ,, , -d
there is intimate contact of die and wire surfaces, separated in places by

only a few molecular layers of lubricant. Under these conditions reductions

are somewhat limited, bmi the product surface is bright. Increasing speed
and viscosity will increase the thickness of the separating lubricant film,

and while a relatively dull surface finish can be expected, much larger re-

ductions can be taken without lubricant breakdown.
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LAbricant film thickness, then, is one nf the major differences in lubri-

eating mechanism between wet and dry drawing. These two processes will

now be examined in greater detail with respect to their requirements and

f•nctions.

7.22 Wet Drawing

One of the most important functions of a lubricant in the drawing of fine

wire-generally by wet drawing techniques-is the reduction of frictional

heat [5, 6]. As a direct result, many wet wire-drawing lubricants are de-

signed to extract hetirom the die and wire at the fastest possible rate.

Since lubrication i& primarily of the boundary type, it is importarLt to keep

the interfrce teriperature low enough to avoid chemical breakdowa of the lub-

ricant. When drawing steel wire, low temperature6 are often required also

to prevent metallurgical changes. The most efficient cooling method is either

to submerge the dies, the wire, and the machines in lubricant, or to recircu-

late large quantities of lubricant to and from the die.

These lubricants are frequently in the form of solutions or emulsions

having water, the most efficient common heat exchange medium, as the main

Ltonstituent [7]. Generally, such lubricants are easy to apply to the die and

wire and to store. However, many drawing machines operate with minieral

oil-based fluids, particularly if water staining or corrosion of the wire could

cause problems.

Wet drawing is frequently practiced on thinner gages of steel (particu-

larly in diameters below 0. 050 in. )[5] and on all gages of stainless steel,

copper. brass, and alumvium. Copper is drawn mostly into electrical wire,

so the need for a smooth surface finish is self-evident. Wet drawing is

chosen for other materials either because the wire is too fine to draw dry, or

because other properties such as weldability [8] or aesthetic appearance for

increased sales are desired. Better weldability is obtained in wet drawing

because the wire surface is relatively clean, and will not normally need

special treatment prior to welding.

The improved surface finish is obtained bev'ause of the mode of lubrica-

tion, which is deliberiately restricted to the predominantly Loundary regime.

Intimate contact of die and wire is allowt.1 sire only a thin iayer of lubricant

need be interposed under boundary conditions. Therefore, considrcable

smoothing and polishing of surface irregularities is possible [3, 10J, provided
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good boundary lubrication can be maintained. Hot rolled surface, after either

pickling or mechanical descaling, has an average peak-to-valley height of at

least 40 A in. [111. After drawing through polished dies, such wire is pro-

gressively smoothed until the roughness lies between 20 P in. [11] and 1 1 in.

[ 12], depending upon the number of passes, the total reduction, and the state

of lubrication. The predominantly circumferential surface scoring evident on

rolled bars changes to longitudinal on the drawn product after a single pass.

The effects were summarized in terms of lubricant selection by Ford and

Wistrei.h [13], who noted that a smoother wire finish requires closing of the

small pits and wrinkles on the wire surface by burnishing. This is best

achieved by using a lubricant which would normally be considered poor (com-

pared, for example, with a solid soap), since it gives higher friction. Thus

lubricant selection is based on the correct balance between higher friction to

give good finish and good lubrication to reduce die wear. Excessive d.e wear

is prevented only if the lubricating fluid possesses good cooling and boundary

lubrication properties; in consequence, highly developed oil-baseci compounded

fluids and water-based emulsions find wide application [5, 7, 14-171.

Wistreich [3] considers that the main problems in wet drawing are de-

terioration of lubricant and scuffing of the dies. The lubricant deteriorp.tes

through chemical instability of some constituents and through sludging with

insoluble metal soaps and fine metallic dust [18]. These effects probably

cannot be eliminated, but closer chemical control and more efficient filtering

are methods of extending the life of the lubricant; some of the techniques

described in Section 6. L4 could be employed to advantage. Scuffing can be

eliminated by use of improved lubricant coating, as is provided--usually for

steel-by phosphating, or by improvement in coverage and adhesion of the

boundary lubricant to the wire. Phosphating, however, is successful only

with a soap or other solid lubricant, and is not normally used in wet drawing.

In order to improve coverage, the British Iron and Steel Research Assocla-

Uon followed an idea accredited to Williams [191 and drew freshly pickled

and neutralized mild steel wire on a commercial nine-hole machbie. The

lubricant was a soft soap in water, applied to the wire by an electrophoretic

teclhaque, with electrodes in front of each die. A considerable improvement

in surface properties of the drawn product resulted; the wire had a higher

luster mnd was free from tarnishing for longer than normal. This .'a3 due to

more efficient coverage with the lubricant; however, the method waE not suf-

f.iclently reliable for industrial purposes.
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The two functions of preventing -ietal-to-metal contact and ensuring

good f'nish can be satisfied simultaneously with a two-component system:

the first acts as a separator, and the second assures reasonably low fric-

tion [6]. In wet drawing, metal deposits such as copper and tin are frequently

employed as separators, whereas lime, borax, or phosphate coats are more

typical of dry drawing. A lubricant applied to the draw die fulfills the second

functiVon.

In wet drawb4g, the lubricant is rarely preapplied, and recirculating

systems are more common. Soap solutions are avoided in these systems be-

cause of their tendency to foam. A lubricant of high stability is desired to

minimize the frequency of lubricant changes with its consequences in lost

time and high cost.

Although the fundamentals of drawing for surface finish are well enough

understood, the lack of stability cf some emulsion-type lubricants creates

practical problems which may be difficult to overcome, and which may make

dry drawing more attractive. At low speeds, however, wet drawing does not

give an adequate film thickness to ensure separation of die and workpiece,

making solid lubricants often mandatory for bar and tube drawing.

7.23 Dry Drawing

Dry drawing operations have as their aim the greatest possible reduction

in area of the .ire. The general implication of this is that the resultant sur-

face of the wire is not important, so that solid lubricants such as soaps may

be used. The mechanism by which such lubricants operate has been clarified

through a numbei of experiments.

As will be seen in Section 7.24, the decrease of drawing load observed

with increasing speed and lubricant viscosity in dry drawing is contrary to

the behavior expected in pure boundary (and also in fully hydrodynamic) lubri-

cation. Much greater lubricant throughput than is characteristic of boundary

conditions has been measured L20, 21], and Ranger and Wistreich [221 have

calculated a film thickness of between 1000 and 30, 000 A from electrical re-

sistance measurements between die and wire, using wax. is a lubricant. hlis

is far in excess of the thickness of a monomolecular layer (possibly of the
a

order of 100 A for some soaps). These investigators also noticed a rapid

variation of electrical resistance under all experimental conditions, which

corresponded to Lueg and Treptow's [231 observations of a rapidly
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fluctuating drawing force and temperature. Furthermore, bnth Ranger and

Wistreich [22] and Baron and Thompson [21] found that lubricant throughput

increased sharply as the die angle was reduced to low values (about 20).

On the basis of these observations, a theory of the lubrication mechanisms

involved in dry drawing has been proposed by Wistreich f3, 9, 24]. Even

though the lubricant, such as soap, is normally solid, it becomes a non-

Newtonian fluid under the high temperatures and shear rates prevailing in the

die. The high pressures increase its viscosity and thus prevent dangerous

overthinning. The geometry of wire drawing is one of the most favorable

ones for hydrodynamic conditions to develop. In Fig. 7.1, the arrow points

to the entry zone where lubricant is carried by a solid surface (the wire) con-

verging upon another surface (the die). Under these circumstances the lubri-

cant becomes trapped in the converging channel and, as long as the viscosity

of the lubricant and the velocity of the wire are adequate, a hydrodynamic

wedge can form which forces the die and wire apart. If the die angle is re-

duced, the lubricant is sheared over a much greater distance and hydrody-

namicr action is further encouraged.

However, the observed speed effects suggest that neither fully hydro-

dynamic lubrication nor purely boundary lubrication occur. The prevailing

intermediate mechanism operative in dry drawing is often described as "quasi-

hydrodynamic lubrication, " and may be regarded as being simiar to the

mixed or thin film lubrication discussed for rolling (Section 6.21). Wistreich

[3, 9, 24] considers that a fluid film continually seeks to establish itself lo-

cally, but high pressures keep the film so thin that changes in surface con-

figuration are sufficient to cause its collapse, with reversion !o boundary

contact. Whether one or the other mechanism predominates depends upon

surface roughness, wedge angle (die angle), bearing area, interta•cial tem-

peratures and pressures, and the rheological properLies of the lubricant.

Fig. 7. 1. Sketch of wire drawing process showLng regions where the

geometry may induce hydrodynamic effects.
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This theory of lubrication accounts for the dependence of friction and

d.-twing load on drawing speed, the viscosity-temperature-pressure relation-

ship of the lubricant, and the die angle.

An integral part of this theory is that rupture of locally formed fluid

films is caused by surface irregularities or asperities, and extension of this

argument might bi that with a smooth wire surface, the fluid film will not

break down. However, very favorable process conditions-in terms of speed,

lubricant viscosity, etc. -would be required in order to fc -m a hydrodynamic

film, and normally one relies upon the surface pockets and asperities on the

wire to trap the lubricant. Thus, with suitably roughened surfaces, partial

fluid film lubrication can be achieved with much lower speeds, lower viscos-

ities, and higher die angles than with smooth wire. Lancaster and Rowe

[25-30] have developed this theme and propcse that surface pockets can be

formed by grit-blasting the wire, and much better lubrication will result upon

subsequent drawing, whether soaps or liquid lubricants are employed.

In industry a variety of lubricants are found to fulfill the requirements of

dry drawing. The most common lubricants are soaps, of course, but whereas

polar compounds having good boundary properties were once considered to be

essential for dry drawing [15, 31], this property now takes a secondary posi-

tion. For optimum boundary lubrication, materials of a high melting point

are preferable, so that pure soaps would be more suitable (32]. Under

quasi-hydrodynamic conditions, Wistreich considers it more important to

have a gradual transition from the solid to the fluid state [3] so that bl.nded

soaps derived from natural fat bases would be superior to pulre soaps, al-

though no direct experimental evidence appears to be available. Altcrnative

lubricants for dry drawing include petroleum greases and undiluted soap-fat

compounds in instances where the finish obtained from drawhi. uitth soaps is

not acceptable [17J.

lubricant carriers are invariably used for the dry drawing of steel wire.

As their name implies, their purpose is to pick up and retain the solid lubri-

cant on the wire and, additionally, to prevent metal-to-metal c-ontact. These

carriers include the sull coat, which is essentially a soft layer of hydrated

oxide on the steel; it is used in conjunction with lime or bora7.. More expen-

sive and, in specific instances, morm efficient is the aystem comprising a

phosphate coating with superimposed reactive soap or some other solid lubri-

cant film (the phosphate coating alone can act as an abrasive). Other
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materials which are difficult to d&aw may benefit from similar coatings-for

example, an oxalate coating for stainless steel, or a fluoride-phosphate coat-

ing for titanium and its alloys. These lubricants and carriers will be de-

scribed in more detail in Section 7.3.

7.24 Speed and Viscosity Effects

Both speed and viscosity can have large effects on lubricant action in wire

drawing, so that the selection of both parameters is one of major industrial

significance. To a great extent, speed and viscosity are interrelated, since

increased speed causes a temperature increase at the die-wire interface

which can markedly reduce the viscosity of the lubricant. Counterbalancing

this effect is thickening of the hydrodynamic film with increasing speed. The

competing phenomena can, to some degree, be observed separately, and in

this section it will be convenient to discuss, first, the variation of lubricant

viscosity and then consider the effect of speed.

Viscosity EffectP

Tourret (41 drew aluminum wire at a constant speed with four straight

mineral oils of increasing viscosity. The results (Fig. 7.2) show that the

drawing force decreases steadily as lubricant viscosity increases. As dis-

cussed in Section 7. 21, this behavior indicates that partial fluid film condi-

tions exist in wire drawing and that an increase in viscosity improves the

separation of die and v ire.

Further evidence of this was provided by Bramley (181, who observed

the iurface of aluminum wire drawn with a mineral oil. The surface cold be

progressively brightened by diluting the mineral oil with a light paraffin,

:2 35 ,, 1 1 0
S-MEA OF TESTS

S•MEAN OF 5 EXTRATESTS

~25

0 100 200 300 400 50C 60
VISCOSrrY (REDWOOD ISECS AT 1400F)

Fig. 7.2. Effect of lubricant viscosity on force required io draw

aluminum wire using straight mineral oil [4].
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and eventually scoring of the wire resulted. This observation confirmed that

a decrease in die-wire separation occurred as the lubricant viscosity dropped.

This was manifested by the change from a dull finish, representative of good

separation when hydrodynamic pockets of lubricant are formed on the surface,

to a bright finish, typical of xoundary lubrication.

Tourret (41 conducted similar experiments for copper in which a soap

was progressively diluted with water and, as a result, the drawing force

steadily rose. Although viscosity was no •he only property affected by dilu-

tion (the concentration of boundary additive also varied), there is no doubt

that the contribution of viscosity was a major factor. Treptow (33] confirmed

these results by a similar techinique for steel.

It must be remembered, however, that the magnitude of the viscosity

effectwill be determined also by the strength of the wire being drawn (4, 18,

341. Since aluminum is very soft, it shows changes of large magnitude with

comparatively small change in lubricant viscosity. Greater changes in vis-

cosity are necessary for copper to respond, and the still higher strength of

steel discourages fluid film conditions even with relatively high viscosities,

particularly at low speeds.

Th.• viscosity of a lubricant is affected by process variables such as tem-

perature and pressure. Thus, the measured viscosity at normal temperature

and pressure is no indication of the condition of the lubricant in the drawing

die. It was seen in Section 4.2 that viscosity increases with pressure much

more rapidly for mineral oils than for fatty oils, but the earlier solidification

of fatty oils could still make them more effective lubricants. There are also

temperature variations in the die gap, with fairly high local temperatures at

contacting asperities. In general, lubricants become less viscous at higher

temperatures; Papsdorf [31], Ranger and Wistreich [221, and Ho-ggart

(35] have all presented evidence of this under wire drawing conditions.

If lubrication were fully hydrodynamic, increasing temperatures would

lowcr the friction coefficient, which is dependent upon the shear strength of

the liquid. With partial fluid film conditions, however, higher temperatures

reduce the die-wire separation, and hence increase friction. This has beeni

demonstrated experimentally by Ranger and Wistreich [221. who measured

the electrical resistance between (die wud wire in the drau ing of bright mild

steel wire of 0. 1 in. diameter using a coatirn of synthetic wax as a lubricant.

Wlien the tungsten carbide die was heated externally, without change in the
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Fig. 7.3. Effect of length of wire drawn on temperature and electrical

resistance between die and wi.re [22].
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Fig. 7.4. Effect of drawing speed on electrical resistance between die

and wire [221.

drawing speed, the resistance measured between die and wire dropped 'Fig.

7.3). This was attributed to a decrease in lubricant film thickness owing to

the rapid change of viscosity rather than to a variation Gi electrical resis-

tivity of the wax with temperature.

Speed Effects

Speed changes cause simultaneous temperature and pressure variationb

in the die gap but, under favorable conditions, the overall effect is that higher

speed increases the fluid film thickness and hence causes a drop in drawing

load. The thicker film resulted in increased electrical resistance in the ex-

periments of A`nger and Wistreich [221 (F'g. 7. 1). This, in turn, led to a

decrease in drawing load.

Lower drawing loads were registered with increasing speed by Pomp ,Lnd

Becker [361 for steel wire at sp.eeds up to 1500 fpm, by Ranger [371 also for
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steel wire at speeds between 0 and 2000 fpm, and by Wistreich [38] who

plotted data taken from Christopherson and Naylor's work [39] on drawing

copper at speeds up to 600 fpm and who also recorded the results of the British

Iron and Steel Research Association on the dtawing of steel wire at speeds up

to 5000 fpm. In this latter work, however, it was seen that while the drawing

force was reduced as speed increased up to 4000 fpm, even higher speeds

caused an increase in force, presumably because of an excessive rise in wire

temperature and the allied deleterious effects on the calcium stearate lubri-

cant.

The lubricant behavior observed in these experiments corresponds to a

quasi-hydrodynamic mechanism, since lubricant throughput and, hence, die-

wire separation are enhanced by an increase in speed, This has been con-

firmed by Tourret [4] who also pointed out that these effects are more readily

observed when drawing soft materials-for example, aluminum or annealed

brass [21] -than with wo-k-hardened or high strength materials (this again

points to the similarity of viscosity and speed effects).

The quasi-hydrodynamic nature of lubrication has been confirmed by

memns of a radiotracer technique employing radioactive sodium stearate j40].

As the severity of the draw increased, the thickness of the fluid film was re-

duced. Under such conditions, the boundary component becomes more prev-

alent in the quasi-hydrodynamic mechanism and the coefficient of friction can

be expected to rise. Lueg and Treptow [41] indeed fo.-md an increase in fric-

tion with increasing pressure in drawing patented steel wire over a pressure

range of 150 to 400 kpsi. Below this :ange of pressures, Pawelski [42]

calculated a similar rise in friction in a low-speed strip drawing test on mild

steel wit - Ineral o,1 and fatty oils as lubricants.

Even though increased speed causes increased die-wire separation, and

thus a reduction of frictional heat, deformation ,it is produced at an in-

creased rate. Sin.ce there is little die-wire contact, little heat will be ab-

stracted airectly through the die, and the lubricant will tend to overheat in the

inlet of the die as well a3 in the contact zone. Thus, the lubi •cant could

break down and even greater wire and die temperatures wculd be produced by

tht additional friction heat. On multiple-die drawing equipment the tempera-

ture of the wire entering the die is usually also controlled, either by interral

cooling of caf stans or by submerged drawing.
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Ordinarily, too high a temperature rise is cleet in practice by selecting

a more efficient lubricant and coolant. Many lubricants are versatile and can

be used over a wide range of speeds, but it is conceivable that a lubricant

that is satisfactory at a speed of 1200 ipm might fail at much higher speeds

[43]. Therefore, operating speeds are chosen very carefully in industry,

and are dependent upon such factors as labor cost, die life, equipment cost,

and lubricant cost [6]. Generally, however, if die wear can be kept to a

minimum and suitable lubricants can be found, higher speeds always give in-

creased productivity. Under such conditions the lowest viscosity lubricant

is selected that gives adequate performance [18]. However, care must be

taken to ensure that such a lubricant will also perform adequately during stop-

ping and acceleration for such operations as butt, welding of wire, and that

the acceleration required for good performance of a given lubricant does not

exceed the strength capabilities of finer wires. These factors form Lhe ground

rules for the selection of speed and viscosity in a given operation.

7.25 Friction in Drawing

The coefficient of friction in wire drawing has frequently been measured

by various techr.iques described in Section 5,23.

Linicus and Sachs [44] obtained 11= 0.04 in their rctating die experi-

ments on steel wire. Split die experiments by Wistreich (38] gave friction

values of the same order of magnitude. In a review of previous work,

Tourret [4] found that the friction coefficient for low-carbon steel drawn with

soap is between 0.02 and 0. 10. The experiments considered covered a broad

range of conditions such as speed, die angle, and soap composition, and fric-

tion wab usually calculated from the draw force.

Lewis [45, 46] quoted friction values between 0. 16 and 0. 18 hi drawing

copper at between 1000 and 2000 fprm with steel dies and a commercial draw-

ing lubricant. These values indicate boundary lubrication and seem exces-

sively high. Mac LeUan (471 found p = 0.06 for drawing copper through tung-

sten carbide dies at very low speed (1 1/2 fpm) using a commercial lubricant,

and 0. 0J8 through diamond dies with ethyl palmitate or with ethyl stear'te.

Castor oil, a less efficient boundary lubricant, gave much higher friction

coefficients (0. 10 to 0.21).

The values observed are obviously dependent upon the method of calcula-

tion. For example, Baron and Thompson [21] drew 65:35 brass wire in
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tungsten carbide dies at speeds up to 3 1/2 fpm, and obtained values of fric-

tion between 0.03 and 0.06 with soap as a lubricant. With three other

lubricants-an aqueous emulsion, castor oil, and a suspension of graphite in

oil-friction was between 0. 06 and 0. 09, while with an extreme pressure oil

it was around 0. 10. At the low speeds employed, these values were lower

than normally expected, but Baron and Thompson wcre testing various wire

drawing theories and selected that due to Davis and Dokos [48], whereas

consistently higher values of friction were given by Sachs' theory [49].

Wistreich [9] has given a more general statement of the behavior of

various lubricants, saying that soaps and other solid lubricants will give a

coefficient of friction between 0.02 and 0. 05 in wire drawing, irrespective of

the material of the wire or die (no doubt because of thick film conditions).

Whei liquid lubricants are used, the value increases to between 0. 08 and 0. 15,

since the lubr' ant has a lower viscosity and there Is a greater tendency for

boundary cnmditins to predominate. A3 an approximate guide, Wistreich [9]

gavw figures of IA = 0-2 in dry drawing, and 10-1 in wet drawing.

Wiscreich also indicated that, on the basis of evidence presented by Baron

and Thompson [21], the friction coefficient increases with die angle and yield

stress of tie wire, but decreases with application of back-pull. Thus, 9

seems to be pressure dependent, though in this example the chang-3 occurs

ra,*her because the lubricant is able to form a more coherent separating film

a: the pressure is reduced than because the friction of a boundary layer is

affected. Under high pressures, lubricant films have a tendency to be thinned

ualess they are trapped either by small surface pockets or by tool and work-

piece geometry.

Further evidence on the effeet of pressure on friction coefficient was

provided in the well-documented strip drawing experiments of Pawelski (501,

in which strip was prehardened to various degrees by cold working, thus

maintaining a constant process geometry. Earlier wire drawing tests of Lutg

and Treptow [511, conducted as a sequence of drtws on the same wire, also

seem to confirm (Fig. 7. 5) that local contact dominates the preseure effect;

higher pressure causes thinning of the lubricant and greater susceptibility to

boundary conditions. The effect of pressure remains, nevertheleotb, contro-

versial because in most experiments other c"ndltions (reductiorn in area,

suriace extension, surface finish) change concurrently with prtssure.
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Fig. 7.5. Effect of friction coefficient on die pressure using several

wire coatings and lubricants in the drawing of 3. 53 caroen steel wire [51].

Pawelski and co-workers [50 b2] fo, md ralher unexpectedly that the fric-

tion coefficient in drpwing ricrer'qed Ps t. pereentlage reduction increased,

whereas the work of Majors (53] or, tle d-awirk; 3f steel and aluminum showed

that there was little eff-,ct of rs-duction on friction. ThIL phenomenon is very

sensitive to the type of lubricant employed.

Johnson and Rowe [54] have demonstrated by botn experimental and

theoretlcal means that fricti.n has negligible effect on redundant work in wire

drawing. Conversely, Hundy and Singer [35] have found that the inhorno-

geneity of deformation, us me,•asured by the hardness variation across d-•awn

caprer wire, inc reases as the friction increases ior a 20" diL angle but doea

not changc with a 30 die. it should be r.cted, however, that 20" and 300 dies

are of little practical significance.
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It is customary in all experiments leading to determinations and compari-

son of friction to assume a constant value of # in the die gap. This may be

the only realistic way of dealing with this quantity for comparative purposes,

but indirect evidence Indicates that there i1 considerable variation of friction

along the contact surface of the die. This evidence comes from the experi-

ments of Cook and Wistreich (561 in which lead alloy strip was drawn through

a wedge-shaped die made of plastic that was optically sensitive to stress, and

the pressure variation at the die-metal interface measured by a photoelastic

method. Calculated friction varied between 0. 05 at the die entry and 0.01 at

the die exit. This variation has more recently been confirmed (Fig. 7.6) by

a similar photoelastic method by Ohas1i and Nishitani (57].

Thus the values of u used in or obtained from wire drawing theories must

necessarily be averages, but this in geveral does not detract from their

value in predicting drawing loads. As far as lubricant comparison is con-

cerned, die life, surface finish, metal pickup, and cooling are often more

important than the coefficient of friction.

7.26 Die Wear

Two of the major industrial requirements of wire drawing lubricants are

the maintenance of a good surface finish on the drawn product and the

0 DIE
IS8 - STRIP
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0 2•.

02 - - --.- •
I I - I L 10

0 2• 3 25 27 29 31 33

Y - POSITION IN THE OIF

Fig. 7.6. Variation of pressure and friction coefficient with position on

the die face (Y) in simulated wire drawing [571.
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reduction of die wear. The overall costs of die wear could be very high, for

not only !s replacement or rework involved but also the loss of production due

to die changes could represent a permanent operating inefficiency.

There is also a substantia] problera with the wear of capstans (cones) in

slip-type drawing machines. These capstans are employed to transmit the

pull force to the wire in a drawing machine that is both compact and capable

of high-speed production. In slip machines, a 2% velocity differential is al-

lowed to develop between capstan and wire, so that adequate pull is ensured.

The capstans tend to wear and cause scoring, and must be replaced. The

cost of replacement is fairly high and, since the same lubricant is used both

oA: the capstan and in the drawing die, some attention is usually paid to select-

ing a lubricdnt which will prevent excessive wear of both items. However,

die wear cannot be overcome entirely by boundary lubrication since wear

debris contaminates the lubricant and may cause scoring even in the presence

of the best boundary lubricants. In most slip-type drawing equipment, the

lubricant is recirculated and filtration of debris from the fluid becomes ex-

tremely important.

The lubricant itself can contribute to the die wear produced by means of

cavitation erosion at the entry plane. Thus, even if a hard, relatively wear-

resistant die material is used with the most efficient lubricants, die wear

will continue, although the rate may be substantially reduced.

Wear at Die Entry

The intensity of wear in a given die varies along the die-wire interface.

The highest rate of wear occurs at the die entry where "ringing" takes place

(Fig. 7.7). Wistreich [9) notes that ringing is usually more severe than

D;AMETEROF INCOMING WIRE I

S(Nvor ro scALr7

UNUSED-

WORN

00"SCALES

0.010d

Fig. 7. 7. Section of a worn wire drawing die [91.
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wear at the exit plane. Therefore, substantial wear might take place before

the wire gets seriously oversize, yet as soon as a ring has formed, lubrica-

tion conditions become potentially more difficult. Thus, the life of a die in
continuous industrial use will be determined by'both the point at which lubri-

cation is irapaired with a resulting poor surface finish and the maximum

acceptable size or deviation from circularity of the drawn product as set by

engineeriag tolerances.
Papsdorf [311 noted that if the size of the drawn product is meast red at

regular intervals after a new drawing die is installed and this size is subse-

quently plotted against the tonnage of wires drawn, then a curve of the type
shown in Fig. 7.8 is obtained. The die undergoes rapid wear during its early

life. Then follows a stage of uniform wear rate until the die becomes so

badly worn that further drawing is impossible. Papsdorf [31] considers the
first part of this curve to correspond to the wearing down of surface peaks to

give more flattened asperities, while the last state is connected with ringing

of the die surface at the entry plane.

From experiments in which process conditions such as back-pull, die

angle, and the angle of wire entry into the die were varied, Wistreich [58]
has deduced that ringing wear is caused by size irregularities or vibration of

the incoming wire. This results in the rapid oscillation of the line of contact
between the die and wire surface and, in consequence, a narrow region of the

die surface is subjected to a cyclic compressive stress, varying bc.wE•a
zero and full die pressure. It is Wistreich's hypothesis that subsecrje;ut wear

is the result of fatigue failui'e of the surface layers of the die. CGeaver and

Miller's observation [59] that in drawing copper wire the intensity of ringing
increases with lateral vibration of the wire, adds weight to this theory. Ring-

ing of dies is obviously aggravated by wear debris present in lubricants.

LAJ t, DIE A~

TONNAGE DRAWN -----

Fig. 7.8. Typical wear behavior of wire drawing dies, represented by

the change in diameter of the drawn wire with the total quantity drawn [311
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Even with clean lubricants, sudden pressure drops in an oil film can cause

cavitation erosion of the die, while a liquid lubricant may also penetrate under

the influence of nr'osure discontinuities into the surface structure of the die,

causing microcracit,3 jb1].

Wear at Draw Core

Although it can be seen that conditions are highly favorable to rapid wear

at the entry plane of the die, it is also true that wear occurs elsewhere in the

draw cone of the die, and a fatigue mechanism, followed by loosening and

separation of die surface particles, cannot be the cause. According to

Wistreich [241, the theories of Bowden and Tabor [32] relating to the welding

of asperities are more relevant in these regions. This idea has been con-

firmed by Buttcan et al. [601 and Dahl and Lueg [61], who made radiotracer

studies of the distribution of wear debris from radioactive cobalt-bonded

tungsten carbide dies on the surface of the drawn wire, and by Wistreich [ 621,
who made a metallographic examination of the profiles of worn dies. The

mechanism proposed for die wear is that, initially, the cobalt welds on a

microscopic scale to the metal of the wire, until the tungsten carbide grains

are isolated and are pulled out from the matrix of the die. These carbide

grains were said to be seen as intense spots of radiation on autoradio-

graphs of the drawn wire [ 60, 61], where they had become embedded.

Wistreich [9] notes that a similar mechanism also holds true for diamond

dies.

However, there is evidence to show that this mechanism operates only

under certain circumstances. Golden and Rowe [63] used a die in which both

tungsten and cobalt were radioactive. Tungsten has only a short half-life so

that the distribution of strong t-_ngsten radiation could be measured immedi-

ately after sli_:: the die over copper. After 400 days, only the relatively

weak cobalt radiation was present. From the two autoradiographs it appeared

that both tungsten carbide and cobalt were evenly distributed over the copper

surface, and the composition of the wear debris was nearly identical to that

of the original die. Therefore, steady wear of both materials must have

occurred simultaneously. Golden and Rowe [631 attributed the difference in

observed wear mechanisms to differences in the surface preparation of the

copper workpIece specimen. They had not.,-d [64] that defects or chemical

inhomogeneities in copper surfaces led to sudden increases in wear, and

autoradiographs then showed a steady backgi-rund with discrete spots of high
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intensity superimposed on it. This is equivaient to the type of wear seen by

Button, Davies, and Tourret [60] and later by Dahl and Lueg [611 and is

therefore strongly dependent upon the surface preparation of the workpiece

specimen. Holzhey et al. [65] have similarly investigated die wear in the

drawing of a chromium steel using radioactive dies.

Wear of Land

In the die land, an additional wear mechanism is operative, leading to a

rapid increase in the size of the drawn product. The rate of wear here lies

between that observed at the entry plane where ringing occurs and that in the

central conical portion of the die where the wear rate is the lowest. Accord-

Ing to Wistreich (62], wear in the land results primarily from abrasion by the

particles that are freed from the surfaces nearer the entry plane.

However, it should be noted that abrasion by oxide or other fine particles

is important not only in the die land but everywhere else in the die, including

the draw cone, when a recirculating or submerged system of lubrication is

used. The particles are then generated in the draw cone but are also brought

in by the lubricant. The only adequate method of preventing this is careful

filtration of the lubricant.

Reduction of Wear

For the many ways in which wire-drawing dies are worn, there are a

corresponding number of methods by which die wear may be minimized. The

most obvious of these is to use hard, abrasion-resistant materials for dies.

Wistrelch [91 has given some comparative figures to illustrate the relative

efficiency of various die materials. For an increase in die bore of 0. 001 in.,

a (rather impractical) mild steel die would draw 1/4 to 1 ralle, a high carbon

steel die 15 to 40 miles, tungsten carbide 50 to 200 mileLr, and diamond 1

million to 8 million miles of steel wire. Although diamond is far superior

to any other die material, the cost factor must also be considered. It is nor-

mal to find diamond dies in use only for drawing very fine gage wire, not

merely because of initial cost considerations but also because of the limited

size of available diamonds.

By far the most common die material is cobalt-bonded tungsten carbide

(usualtv in a steel bolster); but high carbon steel, which might be hard-chrome

plated for steel tiroe drawing, still finds wide use as a die material, particu-

larly for large-diameter rounds and for sections.
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Riley-Gledhill [20, 66] has found that substantial wear is caused through

misalignment of the wire as it is fed into the die. This is equivalent to in-

creasing the die angle on one side of the wire while decreasing it on the other.

Since one-half of the die suffers much greater ringing than the other half,

dies must be discarded earlier than if ringing wear had been evenly distrib-

uted. Riley-Gledhill suggests that the use of two guide pulleys enables more

accurate alignment of the Ingoing wire on most wire drawing machines and

also reduces vibrations in the wire. This, together with efficient cleaning and

lubrication of the rods, has proved to be a most efficient remedy for exces-

sive die wear.

Even distribution of die wear may also be obtained by rotating the die.

This method has been used for separating the frictional force from the de-

formation force [44], since the friction vector is no longer in the axial direc-

tion. For the same reason the pull force in the axial direction is reduced [67],

which would allow larger- reductions. These dies have been used in the alu-

minum industry, and have proved advantageous in equalizing die wear and in

the production of perfectly round wire [68].

It was seen in Section 7.24 that higher speed causes increased separation

of die and workpiece surfaces. With metal-to-metal contact thus minimized,

die wear will be reduced. Under conditions of predominantly boundary lubri-

cation, corrosive wear of dies, especially steel dies, can occur when highly

reactive E. P. additives (for example, chlorinated oils) are employed. If

lubricant film thickness does not increase when speed increases tfor exampie,

with solid lubricants), then increased temperature is a great problem since

die w.ar also increases. Hedman [69] has observed that a four-fold increase

i- drawing speed can lead to a reduction in die life by a factor of six.

HoiAzberger [70j considers that, for a given wire diameter, die performance-

expressed in length of wire drawn-varies inversely as the root of the draw-

ing speed. This supports the theoretical work of Siebdl and Kobitzsch 1711

and Korst [72] who calculated that the die temperature rise due to friction is

proportional to the square root of the drawing speed and wire size. From this

it can be inferred that die life is inversely proportional to the temperature

generated at the interface. W.h hard wires this temperature may be kieeral

hundred degrees Celsius [241. Thus, it is most important that when speed is

increased, the heat generated by friction is minimized and the heat of defor-

mation is !w - --,?d onto the die. Ranger [37] has suggested that water
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cooling of the die can assist in reducing the die temperature, but particular

attention should be paid to cooling the die inlet and the entering wire so that

the lubricant will not overheat prior to entering the die.

Wistreich [91 has noted that the promotion of a thick lubricant film be-

tween die and workpiece by the method propoded by Christopherson [731 (de-

scribed in Section 7.27) is successful in eliminating ringing wear of dies.

This adds weight to the hypothesis that ringing is caused by pressure fluctua-

tions at the ent:y plane, since under conditions of hydrodynamic lubrication

the fluid exerts full pressure on the die wplls throughout the operation. There-

fore, in the absence of a cyclic stress systein, the fatigue failure cannot

develop.

This method also minimizes abrasive wear since small hard particles

are washed through the die by the thick fluid film. In fact, under ideal condi-

tions, the only way in which wear can occur in hydrodynamic drawing is dur-

ing starting and stopping, when the speed is inadequate to support a fluid film,

and by erosion of the die by the liquid. Obviously, fluid erosion and chemical

attack of dies can be very important when full fluid lubrication occurs, but

the rate of fluid erosion is relatively small; suitable noncorrosive lubricants

may be substituted for E. P. oils when a thick film can be generated.

7.27 3rdrodynaxnk Lubrication

With the current industrial demar.ds for increased productivity, it has

been inevitable that ever higher finishing speeds are needed in w'-P drawing.

Such a trend has posed a number of problems to the lubrication cngineer and

the die designer, whose responsibility it is to ensure satisfactory perfc-rmance

in the operation,

Essentially, the problems involved may be attributed to twu causes.

First, increased epeed of operation rebults in an increased rate of heat gen-

eration, which ultimately affects the perfornrance of the lubricant [74). Thus,

both surface finish of the drawn product and die life may be adversely af-

fected. Second, if drawing speed increases and the die life per unit length of

drawn product decreasc -,-- remains constant, the time lost in changing the

dies and rethreading the wire becomes a large factor in determining the

produ, 'ivity of the wire mill. Wlstreich [62, 751 quoted statibtics of a wire

mill whic* Aicated that time lost in die replacement was equivalent to one

machine in twenty -. e•ding permanently idle. Wistrejch (76) has ajso
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observed that the solution to these problems does not I te wholly in improving

drawing lubricants, since only marginal gains can be foreseen here. The

only practical method of ensuring satisfactory performance is to separate

completely the die and workpiece surfaces by a film of lubricant so that die

wear and frictional heat are minimized.

This was first envisaged by MacLellan and Cameron [f "] in 1943, who

constructed an apparatus in which oil was supplied under pressure from an

oil pump to a wire drawing die, in order that fluid film conditions could be

obtained. This mechanism was hydrostatic rather than hydrodynamic, and

the main object was removal of debris (swarf) from the die, and not minimi-

zation of die wear. However, according to Cameron [78] the idea was

abondoned because the oil supply tube became choked with swarf, and no

simple way of removing it could be found. Some years later, the idea was

revived and subsequently developed in two different directions. Milliken [79]

presented a design for pumping high-pressure oil to the die-wire interface

in 1955, while Christopherson and co-workers proposed in 1954 [73] and

1955 [39] a method of obtaining full fluid lubrication by a novel die design.

The two methods of obtaining the same result are quie different: the former

is equivalent to forced hydrodynamic wire drawing, while the latter may be

called pure hydrodynamic wire drawing, since it is the motion of the wire

which causes the buildup of oil pressure and, hence, the hydrodynamic lift.

Besides these two methods for improving lubrication, a pure hydrostatic

method has also been discussed, but this has as its main objective the draw-

ing of !ow-ductility materials. The pure hydrodynamic method will first be

considered here.

Lubrication with Oils

Christopherson's method involved the use of a tube of up to 30 in. (but

generally around 9 in.) length through which the wire passed before entering

the die (Fig. 7.9). The, clearance between the wire &nd the tube was very

small (about 0.002 in.). and a minneral oil was used as a lubricant. By this

means, oil pressures of the order of the yield stress of the wire were devel-

oped purely by viscous action. At the start of the drawing operation lubricant

throughput was small, and the die pressure and friction were high. With

increasing drawing velocity, the flow of lubricant through the die increased

and the drawing force dropped sharply. However, the pressure at the die

inlet remained approximately _ onstant, since this was largely determined by
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Fig. 7.9. The Christopherson tube for promotion of hydrodynamic lub-

rication in wire drawing with oils [73].

the yield strength of the wire. On reaching this condition, further increases

in speed could be made with little effect on drawing force. A theory enabling

predictions of the dimensions required to obtain a specified pressure with a

given lubricant was also derived by Christopherson [391, and this will be

discussed later.

There are, however, some obvious disadvantages in using oil as the

lubricant in this process. Inconveniently long tubes with small wire-tube

clearancea must be used to develop adequate oil pressures because of the re-

latively low viscosity of oil. Also, oils will not adequately lubricate the wire

on starting and stopping the operation. Under rapid acceleration, the speeds

attained prior to reaching full fluid conditions may cause breakdown of fatty

oils, while E. P. additives are corolsive and attack the inlet tube. The tube

is also prone to considerable wear by cavitation erosion and other means.

Lubrication with Soaps

It was apparent thd.. if these disadvantages could be overcome, the pro-

cess had great InOt•(rial potential. For this reason, investigators at the

British Iron and Steel Research Association concentrated their efforts on

adapting the process so that dry soap could be used. The modified design of
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the die and the performance achieved thereby have been relp rted by Sturgeon

and Tattersall [80] and Wistreich [ 1, 3, 76]. A drawing of the die configura-

tion finally adopted is shown in Fig. 7. 10 Wistreich [76] notes that this die

has similarities to "pressure-dies" ,sed industrially, one of which (Fig. 7. ] 1)

was discussed by Hedman [81]. The "pressure-dies" have excess soap re-
turn passages which prevent a high soap pressure from being reached. The

development of these apparently reaches back to 1933; alth,'igh the original

purpoLi was a design that wonld assure better cooling, it was

Fig. 7.10. The BISRA nozzle-die unit for promotion of hydrodynamic

lubrication in wire drawing with soaps [76].

Fig. 7.11. A typical industrial pressurt, die for promotion of low prcs-

sure forced lubrication in wire :rAmwing [811.
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inevitable that the die arrangement-effectively a tandem die-should also im-

prove lubrication, even though fluid prr ssures of only about 1000 psi are

achieved.

The BISRA die unit (Fig. 7.10) overcomes most of the problems and ob-

jections associated with the Christopherson tube, and is capable of developing

60, %,0 psi or more pressure. Because of the high viscosity of soap, the unit

is only about 2 in. long. Since soap is also an excellent boundary lubricant,

problems in starting and stopping are eliminated. Perhaps the greatest asset

is that it may be incorporated in a production mill with little or no trouble

since eoap is a standard industrial lubricant. In extensive industrial trials

under the supervision of the BISRA team, die life was improved by 2 to 20

times; the lower figures derived from multi-hole drawing of low and medium

carbon steels in which the rozzle die was used in the first draw only, while

the greatest improvement in die life was in single-hole drawing of uncoated

stainless steel rod.

The trials also showed that the soap throughput was dependent upon the

quality and feeding of the soap, Vibration of the soap box gave a significant

increase in throughput, but agitation of the soap in the bell of the nozzle with

a piece of wire gave even better results. The most important requirement of

the soap appeared to be a low rate of viscosity decrease with increasing speed

(and hence temperature). Optimum throughput resulted when the initial size

of the soap powder particles was between 20 and 40 mesh.

The technique has great potential in industrial dry drawing lines, and is

gaining in importance in this direction. Similarly designed dies were also

used successfully by Kolmogorov and co-workers [82-84] for the drawing of

nickel and nickel-alloy wires and also for the drawing of tubes without a

mandrel. Obviously, lubricant throughput is an important factor in tdir; pro-

cess: if too little lubricant flows through the die, conditions may reveri to

boundary lubrication with its higher rate of wear; and iff the throughput is too

great, control over the size of the drawn bar is lost and a "bamboo" surface

may be produced with oscillatory fluid film conditions [76].

As noted in Section 7.24, speed generally has the same effect on die-

wire separation as viscosity, and a very high speed can be expected to cause

full fluid conditions even with con centionally designed dies. Such behavior

has been indicated in the work of Parsons et a!. [ 851, who bi4lt a draw bench

driven by compressed air, which was able to draw bar at ir.mpact spe'ýds up to
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150 fps. Examination of the surface of aluminum and copper bar drawn on

this machine using a fluid lubricant showed numerous pockets, inclicating hy-
drodynamic lubrication conditions.

Theories of Hydrodynamic Lubrication

Optimum throughput of lubricant is dependent upon a combination of draw-

ing speed, lubricant viscosity, tube length, and wire-tube clearance, so that

in order to obtain optimum conditions in the operation without undue experi-

mentation, it is necessary to use a theory. In this way, the most suitable

values of the interdependent variables can be determined. There are cur-

rently three theories available, the first of which was proposed by Christcph-

erson and Naylor [39]. For hydrodynamic iubrication, the lubricant pressure

at the die entry must be of the order of the yield strength of the material

being drawn. Using this assumption, Christopherson and Naylor's theory

allows calculation of suitable tube lengths for given flow rates, or vice versa.

The wire is assumed to take up an eccentric position in the tube, according to

a minimum drag hypothesis, which generally leads to a solution with eccen-

tricity varying along the length of the tube.

The solution involves numerical integration, but the authors have drawn
families of curves [391. which are presented in terms of two parameters,

Kp and Kd, defined by:

P- y and S = Kd" 2 na. h- (7.1)
Y h 0

where p = oil pressure;

Y= pressure coefficient of viscosity;

S = total drag per unit length;

a = radius ot wire;

I= viscosity of lubricant;

v = velocity of wire;

I tube length;

h0 = ol film thickness.

The curves are given for different values of q, lubricant flow ratio, and are

plotted againaL A =6qvIY/h . Thus the need for elaborate calculations is

eliminated. Good agreement was obtained between theoretical and experi-

mental values of pressure buildup in the inlet tube.
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The analysis and the method of application of the solution are relatively

simple, but the theory is by no means an exact one. For instance, there is

little basis for the minimum drag hypothesis which is an essential part of the

derivation. Further, the theory assumes isothermal conditions and does not

consider deformation in the die, so that all calculated predictions must be

considered as only approximate.

The second theory, proposed by Osterle and Dixon [86], deals with the

inlet tube and the conical portion of he die separately. Strain hardening of

the wire is allowed for, viscosity is assumed to be both temperature and pres-

sure dependent, and both isothermal and adiabatic conditions are considered.

The momentum, energy, and continuity equatione are solved numerically to

find the pressure variation along the length of the tube and the velocity and

temperature variation across the lubricant film.

The lubricant is assumed to take on the temperature of the wire, deter-

mined by the work of plastic deformation, and the pressure variation in the

die is found from plasticity equations by assuming spherical symmetry in the

metal deformation zone. Thon the Reynolds equation and the condition that

the lubricant flow rate is the same at each section lead to a formula predict-

ing the film thickness variation in the die.

While this theory accounts for a number of variables, no supporting

evidence was put forward. When applied to Christopherson and Naylor's [39]

experiments, discrepancies assume large proportions, and the theory must,

therefore, be regarded as unproven.

Tattersall [87-891 has put forward a third theory, in which three separ-

ate zones are considered. The first zone is the inlet tube, the second is that

portion of the die in which the wire is undeformed, and the third 4s the region

in the die in which the wire deforms plastically. Isothermal conditions are

assumed, and viscosity is treated as a function of pressure in the case of oil,

and as a function of drawing speed in the case of soap. The Reynolds equation

is integrated for the first two zones, then at the section separating zones 2

and 3 the axial pressure gradient is taken as zero and the lubricant pressure

as equal to the yield stress cO the material. These assumptions lead to an

equation for lubricant flow rate ki t:"rn:. A known independent parameters:

0O = .6 h a, 21 I 2 a 2a-7"
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where a0 = the yield stress of the wire;

S= viscosity of the lubricant;

q = lubricant throughput;

S= length of parallel portion of inlet tube;

h - clearance between wire and tube;

a = die half-angle;

v = velocity of wire.

The results obtained with this theory were compared with Christopherson

and Naylor's exper.mental data, and good agreement in pressure at the die

entrance was obtained, but the lubricant flow rate was usually 2 to 3 times

greater than that observed. The inaccuracy was attributed to possible eccen-

tricity of the wire in the tube and/or the high shear strain rate which may re-

duce the lubricant viscosity. Better correspondence between theory and ex-

periment was observed with soap lubricants.

The theory does not consider the actual deformation of the metal or the

variation of lubricant film thickness in the die. However, this is the only

theory which predicts lubricant flow rate in terms of known independent

parameters, and which also gives generally good agreement with experiment.

It would be desirable if the theory could include thermal effects and film

thickness variations in the die. This appears, at present, the best of the

three available theories.

This theory can also be applied to soap as a drawing lubricant. In experi-

ments conducted by Tattersall, the pressure of soap lubricant in the inlet

tube was measured while drawing mild steel wire at various speeds up to 80

fpm using several inlet tube lengths and clearances. The soap pressure in-

creased with speed to a maximum before decreasing. Soap throughput varied

similarly, but surface finish was generally poorer at high soap pressures,

when greater quantities of soap separated the die and the wire.

The apparent viscosity of one of the soaps was calculated by substi-

tutirg experimental values for pressure and lubricant throughput into the

theoretical equations derived for the parallel portion of the inlet tube;

a relationship /1 I7 0 exp (- Bv) resulted (Fig. 7. 12), where j7 is viscosity, v

is speed, and '1 0 and B are constaonts, q 0 being the apparent viscosity at

zero speed. The results from six different nozzles or inlet tube geometries

fvll on the same curve as shown in Fig. 7. 12. Different soaps exhibited

widely different behavior (Fig. 7. 13). When this viscosity relationship was
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Fig. 7.12. Calculated variation of apparent viscosity with drawing

speed [87].

substituted into equations relating to the whole nozzle-die unit, curves agree-

ing with experimental pressure and throughput data were obtained. Tattersail

considered this to be adequate explanation for the existence of maxima and

their dependence on nozzle dimensions and soap properties.

Tattersall concluded that the wire speed at which lubricant flow was a

maximum was unrelated to nozzle dimensions and depended only on the prop-

erties of the soap. In contrast, if oils are used, geometry will be the domi-

nant factor.

This theory has since been employed by Chu [90] to produce design graphs

in which the geometrical factors of the nozzle design were correlated with

lubricant properties, speed, die angle, and filn, thickness.

Forced Hydrodynamic Lubrication

The second method of achieving complete separation of die and work-

piece by means of a thick lubricant film involves the application of an exter-

nally pressurized lubricant to the die-wire interface.

Milliken (791 is credited with first suggesting the basic technique. fie

envisaged a porous die material thrzugh which pressurized lubricant would

flow to the working surface. The idea was purely hypotheLcal, and limited
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Fig. 7.13. Variation of apparent viscosity with drawing speed for five
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by the need to furnish a die material with sufficient porosity to allow passage

of lubricant fluid yet with adequate strength to support the pressures in-

volved. A similar idea was proposed by Tourret [91!, who suggested pump-

ing lubricant under pressure to the die-wire interface.

Subsequent workers were successful in producing woL'king models of

equipment based upon Milliken's ideas, but with the pressurized fluid supplied

to the wire ahead of the die. In the technique presented by Butler [921, lubri-
cant is fed to a pressure chamber which has tappings for a pressure gage

and for bleed holes (Fig. 7. 14). There Is a die at each end of the chamber;

the first is an lromng die which takes only a very light pass, while the second

is the main reduction die. These two dies, which are mounted by means of

sealing rings, provide adequate sealing against lubricant loss. Because lub-

ricant is applied under pressure, It is not lubricant viscosity and die design
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Fig. 7.14. Secti'n of pressure chamber for promotion of thick film

lubrication in wire drawing [92].

thut primarily determine the pressure of the lubricant at the die-wire inter-

face. In fact, the pressure can be varied to suit the particular conditions re-

quired, which is not true of the Christopherson-tube type of arrangement.

The other main advantage of this technique is that some degree of ovality of

the incoming wire can be eliminated by the ironing die. In pure hydrodynamic

drawing, ovality of the incoming wire would cause a substantial variation in

lubricant film thickness which might be deleterious to the drawn product.

Butler found some promise in the technique during preliminary experi-

ments on aluminum wire at low speeds, even at pressures as low as 20, 000

psi. However, he pointed out several potential disadvantages, too. One of

these was also the main cr4U'.. "im of Christopherson's technique-that is, the

difficulty of ensuring adequate lubrication in the initial stage of drawing prior

to pressurization. This does not, of course, apply to BISRA's nozzle-die unit

because soap is used. There is also the possibility of lubricant contamina-

tion, resulting in buildup of sludge in the pressure chamber, and it is neces-

sary to provide a high pressure cut-off to act just before the end of the wire

enters the ironing die. The cost of installing such units in an industrial

drawing mill may be high, and the entire operation would need to be re-

oriented so that oils and not soaps could be accommodated.

Butler [ 921 performed some confirmatory shop-floor tests at speeds up

to 900 fpm. Using a light oil containing 5% olelc acid as a boundary additive,

a reduction .f 45% in drawing load was achieved for annealtd aluminum with

a pressure of 10, 000 psi. Since the frictional contribution in most drawing

operations is less than 30% of the draw force, some of the observed reduc-

tion in force must have been due to deformation of the wire in the pressure

chamber, and it is also likely that the lubricant wat not of optimum viscosity

for the draw.
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Other workers have used a similar technique to Butler's, with the aim of

eliminating some of the experimental problems and accumulating process data.

Moseev and Korostelin [931 and Vasilev [94] developed, apparently itlnepen-

dently, a similar apparatus. In their experiments, steel and aluminum were

drawn at speeds up to 16 fps with reductions up to 35%. The optimum lubri-

cant pressure for steel was between 57, 000 and 64, 000 psi; higher pressures

caused the wire to break in tension near the entry to the second die. At the

optimum pressure levels, the drawing force fell by 18-20% for steel wire and

by about 25% for aluminum. The greater drop in force with aluminum was

considered to be the effect of reducing a much higher initial friction coeffi-

cient. The force would, no doubt, drop less If a better lubricant were used.

Thomson, Hoggart, and Saiter [95] drew copper in a similar die and

pressure chamber arrangement, capable of pressures up to 45, 000 psi and

speeds up to 3000 fpm. They found that there was a substantial initial reduc-

tion in pull-force with increasing fluid pressure (Fig. 7.15) corresponding to

a pronounced increase in lubricant film thickness. The second drop in pull

force, associated with pressures around 25, 000 psi, was attributed to defor-

mation of the wire ahead of the second die under the combined action of back-

pull (due to the first die) and hydrostatic pressure. Ribbing was sometimes

observed when annealed wire was used, giving a bamboo-shaped product.

This was assumed to be due to local yielding albead of the second die, which

gave rise to stable necks in the annealed materisl because of its high initial

0RAWOM SPEED
0 500 fptn

jo 13• 1 000 f pm

0•) 5 10 15 20 2

PRESSURE , kpsi

Fig. 7.15. Effect of lubricant pressure on drawing force for hard

copper wire [951.
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work-hardening rate. With hard wire, however, this condition caused tensile

failure under the hydrostatic load.

Thomson et al. [95] found drawing force to be independent of the initial

viscosity of the lubricant, in contradiction to Butler's results [92]. This was

explained by the low drawing speeds used in Butler's experiments, in which

case more nearly isothermal conditions would prevail and initial lubricant

viscosity would be of great significance. At highl speeds, adiabatic conditions

would be approached, and the viscosity of the lubricant at the Interface tem-

peratures would be more important. Thomson et al. showed that with increas-
"!ng temperatures the lubricant viscosities became more similar, which ex-

plains the relative insensitivity to viscosities measured at rovm temperatures.

They also noted that the pressure coefficient of viscosity for the oils used in

their own and in Butler's work had not been established, and must have had an

effect of unknown magnitude.

Thomson et al. [95] did not encounter any buildup of sludge or swarf in

the pressure chamber, but only 450 lb of wire was drawn. Neither did some

of the other potential draw backs predicted by Butler occur in these experi-

ments. Accordingly, the technique may have potential value as a method for

improving lubrication in wire drawing but, unless soap lubrication is objec-

tionable for some reason, it is difficult to foresee exactly where it could com-

pete against the BISRA nozzle-die unit as an industrial tool, since this has on

its side simplicity in design, ease of operation, and low installation costs.

Currently, the choice of method would be fairly straightforward, since the

BISAA unit has been shown to perform efficiently under industrial c onditions,

whereas the forced lubricaticn technique is still an experimental process. In

a recent review of the suitability of the two processes for use in industry,

Juretzek [96] reached a similar conclusion.

In at least one instance, a modified version has found direct application

in industry. This particular unit, built for the removal of scale and surface

defects from steel bars, incorporates a scalping (shaving) tool ahead of the

draw die (Fig. 7. 16) rather than an ironing die. Ae described by Gottschlich

and. Breyer [97, 98], the bar first passes through the scalping tool which re-

moves the surface material, then into a chamber containing a fluid lubricant

under high pressure, and subsequently through a drawing die. In this tech-

nique, both scalping and drawing dies are supplied with lubricant, resulting in

a significant improvement in surface finish over that observed without
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Fig. 7.17. Sketch of apparatus fc- L]'drostatic wire drawing [991.

pressure lubrication. The method ie similar to that used in the nonferrous

industry, except that forced lubrication is not required there.

Hydrostatic Drawing

The third method of obtainiig substantially increased h,lbricant throughput

is by pure hydrostatic drawing. In this process, the increase of lubricant

film thickness is a secondary product of an operation primarily designed to

allow brittle materials to be drawn by imposing a high enough hydrostatic

stress to delay fracture. Bridgman [991 first investigated this process with

the apparatus sketched in Fig. 7. 17. Holes provided in the die equalize the

pressure above and below the die. When the pull rod is in the position shown

in Fig. 7.17b, the valve at the bottom of the vessel is opened. The resultant



492 JOHN A. NEWNHAM

pressure drop in the fluid below the pull rod causes the wire to be drawn

through the die. A similar apparatus was used by Beresnev et al. [100] for

the drawing of aluminum wire.

Pugh [1011 considers in detail the advantages inherent in deformation

processes carried out under hydrostatic pressure: greater reductions may be

taken, the residual ductility is Increased, and less damage is done to a mate-

rial by a given deformation since the generation and growth of cracks and

voids is inhibited. Greater separation of tool and workpiece should also re-

sult because of the high pressure of the fluid surrounding the workpiece. It

should be understood, however, that this is not the primary aim of such

techniques and, as a result, fluids are frequently suggested which have good

high-pressure stability but poor lubricating properties.

The drawback of this type of apparatus is that only short lengths of wire

may be drawn. The only difference between the wire drawing apparatus and

that of hydrostatic extrusion is that an intermediate chamber has been in-

serted to ensure that the drawn wire is under the same hydrostatic pressure

as the original wire, the benefit being the advantage of drawing into a slightly

more pressurized fluid than is otherw;ise possible, which better prevents sur-

face cracking. In fact, a much more practicable technique for reducing the

diameter o,• ductile wire has been proposed by Pugh [101], using the apparatus

shown in Fig. 7.18, in which wire is extruded rather than drawn. A long

PLUNGER
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B06tBIN ---

SUPPORT TUBE7 •

EXTRUSION 01E--

DIE HOLfER p

Fig. 7.1.8. Sw•tch of apparatus toi- hydrostatic extrusioii of wire [1011 .
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coil can now te processed, sinc-ý size is not lirited by the length of push rod

chosen. This method appears to be of much greater Industrial interest than

the hydrostatic drawing technique, and could find application in the forming

of wire from brittle materials, such as a/03 brass and magnesium. More re-

centiy, various solutions to extruding or drawing with hydrostatic pressure

have been proposed that eliminate the need for spooling the rod yet allow

semicontir.uous operation [102].

In summary, it is apparent that increased lubricant throughput can

greatly reduce die wear as well as drawing forces in wire drawing. Of the
methods of obtaining this increased throughput it seems that the BISRA

nozzle-die unit is practically more advanced than any of the other techniques,

with the possible exception of the rather low pressure "pressure-die." Pure

hydrostatic drawing is not chiefly conc rned with improving lubricating condi-

tions and does not achieve very high drawing speeds, but seppration of tool

and workpiece is increased. The forced hydrodynamic methods, in which

lubricant is supplied under pressure to the die-wire interface, appear to be

in the experimental stage.

Thus the nozzle-die unit, oased upon Christopherson's original concep-

tion, is seemingly the most promising technique. This would be used only for

incorporation into a dry-drawing line, where large reductions are sought

rather than good surface finish. It is conceivable, 'iowever, that the pressure-

dlej could find application in wet drawing where a high quality surface finish

is required. With the lower pressures developed, slight Increases in fluid

throughput could assist considerably in removing swarf or wear debris from

the die-wire interface. Thus not only die wear but also surface finish could

be Improved.

7.28 Ultrasonic Drawing

Ultrason' c vibration applied to the tool in metalworking operations is a

fairly new concept. Blaha and Le•ngenecker [1031 demonstrated in 19R5 in the

tensile testing of zinc single crystals that the static load required to cause

yielding was reduced when the specimen was vibrated at ultrasonic frequencies

(20 kHz or more [104i . Langenecker and co-workers [105, 1061 noted that

the effect of increasing the energy of the vibrations was equivalent to increas-

ing the temperature. of the deforming metal specimen.
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Several theories have been advanced to account for the sometimes large

load reductions observed, often on the basis of an interaction of dislocations
and dislocation-locking mechanisms with the ultra3onic wave [ 107-109]. How-

ever, the most satisfactory explanations of the effect have been proposed by

Kristoffy and co-workers [110], Nevill and Brotzen (111], and Winsper and

Sansome [112]. These authors observed in their experiments that the redcuc-

tion in deformation load due to the application of ultrasonic vibrations was

equal to or less than the amplitude of the applied oscillatory stress. This is

demonstrated in Fig. 7.19, which shows the load-displacement behavior of an

aluminum tensile specimen that was subjected to ultrasonic vibration for a

short time. Pohlman and Lehfeldt [113] arrived at a similar conclusion in

tensile testing of polycrystalline copper. Other work by Rowe [114] with very

high frequency and high energy input in the dry drawing of copper at low strain

levels showed that any real reduction in yield stress was due to a temperature

rise in the workpiece, and that the same reduction could be olained by means

of an induction heater placed ahead of the die. When viewed in this way, dIe

yield stress is not reduced, but one source of energy is replaced by another

usually more expensive one. It can be surmised that such techniques would

not be used in industry for purpnses of load reduction since (a) 'here is rio

load reduction due to decrease in yield stress, (b) the cost of equipment might

be prohibitive, and (c) there may be a tendency to produce excess debris in

the process, which would damage dies very quickly.
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Fig. 7. 19. Effect of load amplitude of imposed ultrasonic vibration on

the apparent reduwtion of static load in tensile testing aluminum [1101.
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The second aspect of ultrasonic deformation is much more important,

and real gains in production technllogy can be foreseen. This concerns a
reduction in interface friction between tool and workpiece when the tool is

vibrated. Frictional reduction has been observed by a number of investiga-

tors not only in simple sliding [115] but also under conditions of plastic defor-

mation. Fridman and Levesque [1151 considered that the vibration facilitated

the shearing of welded asperities so that friction was reduced, while Balamuth

[116] speculated that friction dropped beause the real tirre of tool-workplece

contact was reduced by the vibrations, though the significance of reducing

contact time in the presence of a lubricant was not explained.

Winsper and Sansome [112], however, found no significant reduction in

friction in their work, because a good commercial wire drawing lubricant

was used. Therefore, ultrasonic energy applied to the tools will probably

only assist in reducing friction and improving surface finish over the levels

now obtained commercially in those instances where good lubrication tech-
niques are not available. Otherwise, the only benefit that can be envisaged

will occur when the vibrations aid in generating and maintaining squeeze- or

hydrodynamic films. Most evidence of frictional effects, other than that of

Winsper and Sansome [112], seems to have been derived from experiments in

which very poor, if any, lubricants were used, as will be seen below.

Vibration of Die

Ultrasonic energy applied to wire, rod, and tube drawing has been re-

viewed by Jones [104] and by Winsper and Sansome [1171. Its aim is the

reduction of friction and the improvement in surface finish. When the lubri-

cant film is thick, metal-to-metal contact is eliminated and friction is already

very low in dry drawing with soaps so that ultrasonic vibration will have very

little application here. Partial boundary contact in wet drawing develops

higher friction, and vibration could be of particular value in the drawing of

materials that are difficult to form and lubricate, such as the titanium alloys.

Nevertheless, most of the work to date has neglected these potentially valu-

able areas of research since the main concern has been the demonstration of

force reduction.

Severdenko and Kilubovich [1181 drew 0.06 In. diameter copper wire at a

speed of only 1.67 fpm with a 36.5% reduction. With longitudinal oscillation

of the die at 20 kHz the drawing load was reduced by 50% of that required

without oscillation.



496 JOHN A. NEWNHAM

Robinson and co-workers [119-121] drew a variety of wire materials of

0. 04-0.05 in. diameter including copper, iron, aluminum, and stainless steel

to give reductions up to 41%. A similar longitudinal oscillating stress pro-

duced reductions of drawing force of up to 50%, though this decreased with

increased speed.

Oelschldgel and Weiss [122, 123] drew aluminum, iron, copper, and lead

wires, but with the die vibrated in a direction normal to the wire axis. Wires

and die *e cooled with flowing water. Up to 62% reduction in drawing force

was obtained lead, and 48% or less for other wires.

Boyd and Maropis [124] reported the multipass drawing of tin wire down

to 0. 025 in. diameter with axially vibrated dies. Their most significant ob-

servation was that at a given power inpit the reduction in drawing force de-

creased with drawing speed (Fig. 7.20). This is consistent with the explana-

tion that heating i.s the main effect of the vibrations, since at higher speeds

the heat of deformation increases and eventually overshadows the vibrational

heating.

Pohlman and Lehfeldt [113] drew copper, aluminum, andsteel wires

with axial vibration and a vegetable oil lubricant and concluded thatultrasonics
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affected the draw force more than it did friction. This was explained by

superposition of the alternating acoustic stress, and did not involve a real

reduction in yield stress.

In wire drawing, therefore, little seems to have been achieved by vibrat-

ing the die. There is scant reference to the drawing of difficult materials

like the titanium al]-ys, and it is doubtful that the claimed reduction in fric-

tion with more conventional alloys is meaningful in industrial terms. The

lubricant is rarely specified, and in those cases where lubricant composition

is given, it is frequently not an industrially recommended material. More-

over, the speeds omployed are always less than 400 fpm and are therefore of

little practical interest, except for bar drawing. At slow speeds many of

these experimental lubricants have poor boundary lubrication properties, so

that the lubrication conditions will be greatly inferior to those achieved in

industry, and ultrasonics is capable of improving upon such unfavorable con-

ditions. At higher speeds the difference will be less marked because partial

fluid film conditions will develop, and the heat of deformation will overshadow

vibrational heating effects. Therefore, it is hardly surprising that the effect

of ultrasonic vibration is reduced. It is unlikely that similar improvement

would result if ultrasonic vibration were employed for drawing wire of com-

mercial materials for which good lubrication practices exist. It is also pos-

sible that significant advances will yet be made in the wire drawing of

difficult-to-form metals and alloys [125], whera galling is a priblem in con-

ventional drawing. To date, however, little has been reported in this diirec-

tion. Another fruitful field may be vibration of dies in bar drawing, because

the low speeds discourage thick film lubrication, but here again the cost of

large ultrasonic installations must be set against the cost of more complex

but successful lubricating systems. Tube drawing may become the most

practical area of application, as discussed in Section 7.29.

Agitation of Lubricant

An alternative application of ultrasonic energy was found in the agitation

of liquid lubricants. This was successful in the submerged drawing of copper,

aluminum, and Nichrome fine wires [126, 1271. In drawing copper wire at.

1000 fpm Lhrough nine dies, 30% reduction per- die was attained compared to

20% conventionally, and the machine was said to be capable of drawing hard

Nichrome and pure copper to 0.0007 in. diameter. The chief advantage here

is not, of course, any drawing force reduction. The ultrasonic vibration
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apparently prevents entry of foreign particles into the die with the wire.

Thus, since these particles no longer score the wire as it is drawn, a much

better surface finish results. Moreover, since these particles can often cause

pickup of wire on the die srface and eventual 'tensile failure in drawing, much

greater ultimate reductions can be taken. Such application of ultrasonic en-

ergy in wire drawing mnay well prove far more significant industrially than

vibration of the die.

7.29 Tube Drawing

Seamless tubes are manufactured by several techniques, and the overall

economy of the seiected manufacturing method is determined by such factors

as sizes, tolerances, and strength levels specified, material to be deformed,

and quantities required. Rotary piercing and rolling are cheaper than extru-

sion provided that the volume of tubing produced is high enough; otherwise

the capital cost of equipment may be prohibitive. Extrusion is flexible enough

to accommodate a wide range of sizes, alloys, and deformations, because die

changep are relatively cheap and simple. Therefore, it is usual to find non-

ferrous materials and special (highly alloyed) steel compositions extruded

into tube, since the volume produced is rtlatively low, while carbon and low

alloy steel tube production often involves rotary piercing, rolling, and

stretching techniques.

Typical sequences of tube production from billets start with hot rotary

piercing between skewed rolls, cones, or disks, with a stationary or rotating

plug assuring a sound inner surface. Prevention of wear on these plugs pre-

sents one of the most difficult hot-working lubrication problems and is still

not solved to full satisfaction. The rough pierced material is sized and

elongated in a second mill with skewed rolls or by rolling over a mandrel

(plug) between grooved rolls, over a bar in a Pilger mill, or in stretch-

reducing mills. Hot-worked tubes are also produced by the Ehrhardt process,

which involves pushing the tube on a mandrel through a series of draw rings or

roller dies [128, 129.. Tubes from this process are removed from the bar by

reeling, which involves lightly cross-rolling the external surface of the tube,

causing slight expansion of its diameter.

If the size Is less than about 1 1/4 in. diameter and If good surfaces,

accurate shape, and close toler.ances are required, then cold drawing (or

possibly cold reducing on a mandrel) Is necessary.
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The three basic methods of tube drawing have been discussed in Section

2.31, and are illustrated schematically in Fig. 2.6. Sinking is a process

having great similarities to wire drawing in that only the outside diameter is

in contact with a metalworking tool; hence similar lubricants and lubrication

modes would apply. Obviously, sinking cannot be used where close-tolerance

internal surfaces are needed. Mandrel or plug drawing operations involve

the use of a fixed mandrel (Fig. 2. 6a) or a floating plug (Fig. 2. 6e) designed

to enable reduction of tube wall thickness. Heavier reductions are possible

in drawing on a bar (Fig. 2. 6f), which moves at the same exit velocity as the

tube, and which is removed in a subsequent reeling operation.

The best quality tubes are produced by drawing on a stationary plug or

mandrel, but the most difficult problems of lubrication also occur in these

processes. Tubes that cannot be coiled are drawn in straight lengths on

draw benches, which use speeds typically around 40 to 400 fpm. Therefore,

the tendency to form a partially hydrodynamic film is greatly reduced, even

at the outside surface of the tube. Conditions are even more severe at the

internal surface; good coverage cannot be guaranteed with drawing pastes or

solid soaps, even when applied by dipping, and lubricant breakdown will fre-

quently lead to galling at dry spots.

Liquid lubricants can be applied to the inner surface more easily, but

few liquids are efficient enough boundary lubricants to prevent some metal-

to-metal contact, and those that are frequently promote corrosive wear of

the plug or mandrel (for example, the chlorinated oils). Wear problems are

doubled in any event, since ringing wear is evident on the plugs as well as on

dies. These difficulties are. greatly magnified when less reactive materials,

such as stainless steels or titanium alloys, are to be drawn.

In attempts to overcome such problems, special techniques have been

employed with varying degrees of success.

Increasing Lubricant Film Thickness

For tube drawing on a bar, a tandem die arrangement, similar to the

pressure? die shown in Fig. 7. 11, has been used industrially since about

1955, according to Rowe [1141. Two dies are used, the first die taking a

small sizing reduction and the second taking around 40%, while the region

between the dies is enclosed so that the lubricant can build up a high pres-

sure, thus promoting thick film lubrication at the second die. This technique

works well at 100 fpm, with the tubes having a dipped coating of sodium soap.
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Matsuura (1301 has tested an essentially similar method for tube sinking,

except that the lubricant is supplied to the region between the two dies under

pressure. He also proposed a method for tube drawing with two plugs and a

mandrel, and with lubricant supplied under pressure to both the internal sur-

face, through the mandrel, and the external surface (Fig. 7.21). However,

no apparatus was built in any work reported to date to prove the value of the

technique for plug drawing. Since no lubricant is supplied to the internal

surface of the tube at the first plug, the benefits from such a technique are

rather doubtful, because the area of lubricant starvation and possible seizure

has only been moved back from the secondary plug to the primary plug.

Similar tandem plug arrangements, which allow a natural pressure build-

up in the region betwoen the plugs rather than pumping lubricant under pres-

sure, have apparently been tested (1141. Little success was obtained here

also, presumably for similar reasons.

It should also be noted that hollow plug bars are sometimes used in

practice, with chlorinated oil pumped to the working interface. This does not

necessarily promote thick film conditions, but ensures an adequate supply of

lubricant.

Application of Ultrasonics to Tube Drawing

Tube drawing has also attracted attention as a process which might bene-

fit by application of ultrasonics.

Boyd and Kartluke [1311 experimented in the tube drawing of copper

with vibrated die only, and obtained apparent reductions in draw force of up

V-HIGH PRESSURE LUBRICANT-

SECONDARY DIE \PRIMARY DIE

S• PACKING

PLUG PLUG

Fig. 7.21. Pr,;osed method for supplying lubricant under pressure to

both internal and external tube surfaces in tube drawing (1301.



7. WIRE DRAWING LUBRICANTS 501

to 68%. Copper is, of course, relatively simple to work plastically, since

it rarely presents lubrication problems. Nosal and Rymsha (132] reported

20 to 40% reduction in force when sinking steel tubes with superimposed axial

oscillations. This operation is essentiolly no different from bar drawing,

from the mechanical point of view, and is less critical; in tube drawing with

a plug or mandrel, the greatest benefits of ultrasonics are likely to be in the

reduction of friction at the inner surface of the tube, which is extremely diffi-

cult to lubricate adequately.

Mainwaring [133] reported experiments in which the mandrel was vibrated

in the drawing of aluminum and stainless steel tubes. As a result, load was

reduced up to 58% with aluminum, and-more important-galling was mirA-

mized and the inside surface of the Vi.be was of better finish. It should be

noted that the claimed force reductions in all the above-mentioned work were

based on observations of static load and neglected the stress amplitude of the

vibrations, and so do not represent real force reductions.

Tube drawing represents the only process where ultrasonic vibrrsdon is

used as a production technique mostly for stainless steel and various alumi-

num and copper alloys [134-136]. This is an area of production where lubri-

cation problems are common, purely because complete coverage of the inner

surface cannot be guaranteed by conventional techniques. Ultrasonic vibra-

tion of the mandrel has great potential as a method for solving these problems

especially for difficult-to-form materials.

However, it is probable that surface finish will suffer if a vibration am-

plitude is chosen which gives a near-zero interface velocity, thus allowing

conditions similar to stick-slip to develop. It seems more likely that a better

surface will result when the interface velocity is always positive. There-

fore, consideration mud be given to the ratio of interface velocity variation

to mean interface velocity.

Industrial tube drawing practice does not generally rely upon either of

these special techniques to ensure a satisfactory product. Coatings are very

important in tube drawing, and the phosphate (for steels), the oxalate (for

stainless steels and nickel alloys), and fluoride-phosphate (for titanium and

zlrvonium alloys) chemical conversion coatings used in conjunction with a

lubricant or the variot-s plastic coatings represent standard industrial practice

for prevention of metal pickup. These will be discussed more fully below.
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7.3 LUBRICANT TYPES

Although there is a wide variety of lubricant compositions available, both

industrial and experimental, to perform different functions, they can conven-

iently be divided into four categories. Firstly, the lubricant carriers will

be considered. These prevent contact of the die with the material of the

drawn bar; they are always solids and frequently porous. Secondly, the soapr

will be discussed as one form of solid lubricant; thirdly, graphite and molyb-

denum disulfide as another. Finally, the drawing pastes and greases, the

oils, and the emulsions will be considered together.

7.31 Lubricant Carriers and Wire Coatings

Because of surface extension and the high pressures occuring in the

drawing of ferrous alloys, conventional lubricants cannot always be relied

upon to prevent metal-to-metal contact; therefore, a solid surface layer is

almost invariably employed on steel wire. This layer is known as the lubri-

cant carrier, and its function is not only to prevent metal adhesion to the die,

but also to pick up and carry lubricant through the die. This latter require-

ment is far more important in dry drawing than in wet drawing, since soaps

do not readily adhere to the surface of ferrous metals.

A typical dry drawing sequence for heat-treated steel rod involves pick-

ling or mechanical descaling to remove surface oxide due to heating (Section

4.5) followed by washing. Often, it is next sprayed with acidified water to

produce a soft, hydrated c::ide film known as the sull coat. Subsequently

it is immersed in a hot slaked lime suspension and then baked to give a dry

lime coat. This coating adequately picks up dry soap powdeL from the box

or tray immediately in front of the die. The soap itself may contain a cer-

tain amount of lime added a- a pigment or solid filler.

Thus, a distinction must be made between the sull coat-which is r protec-

tive coating, having greater inportance under more severe conditions where

metal-to-metal contact is more likely-and the lime coating-which is a lubri-

cant carrier. While the sull coat is restricted to ferrous materials, other

coatings and carriers such as ime, metallic materials (copper, tin, lead),

polymer noatings, as well as conversion coatings (e.g., phosphates) may be

used an a variety of metals.

In certain instances, it is unnecessary to employ both a protective coat-

ing and a carrier. Frequently, lime, borax, or phosphate used with soap
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will perform the dual function adequately although, of these, perh'Lps only the

phosphate coating will withstand very high reductions or drawing speeds.

When a protective coating is used, it should be evenly distributed and ductile

enough to remain continuous throughout the drawing operations. Thus, metal

coatings are ideal, but are also expensive and usually more important in wet

drawing where they ensure an attractive finish of the drawn product. The

newer polymer coatingR are a1so excellent but again expensive, so that their

use is limited to the very difficult-to-draw materials such as btainless steel,

nickel alloys, and titanium alloys.

Lime Coatings

Lime is probably the most widely used of the lubricant carriers mainly

because of its relatively low cost. Part of its duty is in neutralization of any

sulfuric acid carried over from the pickling bath, in order to prevent ecrro-

sion. However, as Lueg and Treptow [1371 point out, the physical as well as

the chemical properties are important in determining the effectiveness of the

lubricant carrier. Miller [138, 139] notes, fo:" example, that the best sus-

pensions of calcium hydroxide are prepared from quicklime rather than com-

mercial hydrated lime and, in particular, from rotary kiln pebble lime of size

between 1/8 to 3/8 in., as opposed to shaft kiln quicklime or lump and pul-

verizcd limes. Furthermore, lime with a high calcium content is preferable

to lime having high magnesium oxide content, even though magnesium oxide

reacts with more acid than calcium oxide and magnesium sulfate is far more

soluble than calcium sulfate 11371. The advantage of high-calcium lime is ih

its physical characteristics.

Both cold and hot baths are used for lime coating, but there are contra-

dicting reports concerning the resulting diflerences. Cold liming is said [140]

to give a quicker and more durable coating, but hot limed wire is also be-

lieved (137] to rust more readily because of too rapid drying. Bastian [1411

has sugg-2sted 60 0C as the best operating temperature of a lime bath. In any

case, care must be taken to ensure uniform distribution of the lime coat on

the wire surface.

Certain guidelines to the liming process can be stated with certainty.

For instance, lime adheres better to a rougher wire surface, and the thlck-

ness of the lime coating, which is increased in proportion to the number c

immersions, should increase with the number of passes planned in subsequent

drawing operations. Staison [1421 further states that the coating thickness

should increase with the wire diameter.
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Whether the wire is mull-coated or not prior to liming is determined by a

number of factors. Stlling is recommended [137] if many passes are to be

taken or steel dies used. The kull coat can, however, lead to excessive die

wear if the coating is uneven.

After sulling and liming, the wire is baked; a gull coat is not necessary

[137] if the lime coat is baked for 10 minutes at 180 to 2000 C. The combina-

tion of gill and lime coat was recognized a9 a standard treatment for wire

drawn for subsequent cold heading [143]. After baking, the wire is drawn

using a soap. Bastian [141] considered that low fat, high soap compounds

may be used to avoid precipitation of insoluble soaps due to reaction between

the lime and the free fat in the soap. The possible reactions between lime and

soaps will be discussed further in Section 7.32.

Apparently, there has been some dissatisfaction with the performance of

lime [137, 143-146] because of its insolubility, its relatively poor neutraliz-

ing action, and its relatively low ability to pick up soap at high speeds. It is

said [25,44] to produce a dust which saturates the atmosphere around the

drawbench, creating unpleasant operating conditions, and it also tends to clog

filters, pumps, and pipes in subsequent pickling baths. Several alternatives

have been proposed, and borax has now found some application in dry drawing

mills.

Borax Coatings

Among the advantages of borax over lime are its tLolubility and its clean-

liness [147]. It also requires only one immersion of wire to obtain an ade-

quate coating of borax [137], and the resultant coating is baked morL quickly

and neutralizes acid carried over from the pickling bath more effectively

[143]. Pai'thermore, borax need not be removed prior to welding since -t

acts as a flux, whereas limed wire must be cleaned first [137]. Borax-icoated

wire also gives better results in subsequent galvanizing [146, 1471.

The borax coating is obtained by dipping a wire (which may be sulle-.)

into a borax bath, which is composed of various types of borax in water.

Borax has the composition Na 2 B4 0 7* X Il20, where X can be 5 or, morc. fre-

quently, 10 [1471. The borax content of the bath is between 5 and 30%, in-

creasing with the coatLng thickness required [34, 144]. Ir general, a higher

carbon steel requires a thicker coating than mild steel, as does a heaN-,er

drawing pasa. The bath temperature may be anywhere in the raige '10 to 9- 0 C,

but the higher the temperature, the better the neutralization of acid on the
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wire [1441. The pH of the solution is kept around 9 [144, 147], the usual

iimits being 8.4 and ý 0. After dipping coarse bars, air drying is all that

is necessary, but wire may retain water and will need to be lightly baked

al 1030 C. 7t should be noted that lime always requirco baking.

The borax coating is used in conjunction with a lubricant of powdered or

dipped soap, paste, or grease 1144, 147]. At high speeds hard insoluble soaps

based upon calcium scearate are found to give longer die life than the sodium

soaps [144], although small quantities of sodium soap are invariably blended

in [35,144, 146). Calcium soaps are more diffircalt to remove when the -wire

is to be galvanized oi tinned, and for such applications, dipping in sodium
soap may be preferred. Pomp [1481 observed that zinc and aluminum stear-

ates are used more frequently with borax coating.

The cost of the borax coating is claimed [137] to be lower than the lime

coat, especially if finer sizes of wire are considered, but the opposite point

of view has also been put forward [138, 1441. However, lime still finds ion-

sidefable uce in the less rigorous operations, such as relatively low speed

drawing of low carbon steels [1441, or in small wet drawing machines [35],

after an initial dry draft.

Conversion Coatings

The phosphate coatiug is of a distinctly different type, being acid rather

than lasic. It thus cannot neutralize the acid carried over from pickling, but

will counteract the formation of rust [1371. The application of a phosphate

co&ting qnd its properties havc been described in great detail elsewhere [12,

145, 149-1.561 and have been discussed also in Section 4.4. Phosphating will

therefore be only briefly considered here.

T1he phosphate coating on steel is obtained by immersing wire that has

been properly cleaned in a solt.Lion of zinc dihydrogen phosphate and phosphoric

acid combined with accelerators which are usually nitrate a and chlorates, as

described in Section 4.41. The phosphated wire is then neutralized in a di-

lute borax or lime solution, and soap is applied immediately prior to drawing.

In general, powdered sodiun. soap, sometimes mixed with about 2% of

molybdenum disulfide (in drawing spring wire) is adequate as a dry lubricant

for phosphated wire, while a neutral emulsion of drawing grease 112, i521 is

found to be a good liquid lubricant.

Continuous phosphating lines (153, 1561 do not differ radically, except

that immersion times are much reduced, for example, to about 15 sec [ 153).
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The dry soap used in one continuous drawing line [1561 contained an undis-

closed proportion of lime and was of controlled particle size. This compound

allowed lubricant retention for subsequent heading operations, provided that

drawing dies had half-angles between 7 1/20 and 90.
Phosphating finds wide application in the lubrication of steel bar, wire,

and particularly tub.. (157-159]. Similar conversion coatings are important

in drawing other mate.ý , tar example, a fluoride-phosphate coating is em-

ployed in the cald extrusion and drawing of titanium and its alloys [160,161].

For stainless steel and nickel alloys, the oxalate coating, which again involves
chemical conversion of the metal surface (Section 4.42) has found wide appli-

cation in drawing [11, 153, 162-166]. The major advantages of conversion

coatings are improved surface finish of the drawn product caused by reduction

of pickup [150, 1511 and improved corrosion resistance in storage both before

and after drawing [150]. In addition, Machu (167] states that such coatings

will withstand up to 25 drafts in either wet or dry wire drawing. For steel,

zinc phosphate coating weights of 280 to 650 mg/ft (3 to 7 g/m2) were said

to be sufficient for drawing speeds up to about 3000 fpm and cumulative area

reductions up to 95%. This, however, is acknowledged to be an expensive

proness and can only be justified if carried out as a continuous operation [151,

153,156].

Waterglass

Silicates have been used experimentally as lime substitutes [41, 145].

Wuterglass has been shown to neutralize excess acid, and to give a low-

friction protective coating on wire. This coating has been prepared for plant

trials r145] by mixing 1 part watergIaess with 7 parts water at 700C and ad-

justing the S1O 2/Na 20 ratio by addition of caustic soda until the ratio is about

2:1 to ensure sufficient reserve of alkali. This is most important [411 to

prevent precipitation of silica, which causes severe damage to the wire

surface.

Coating with waterglass can either follow or take the place of coppering.

In the shop tests of Goncharov et ai. (145] both methods were used, but it

was concluded that coppering was not necessary. Waterglass also improved

the working conditions in the wire mill by reducing dust contamination of the
atmosphere.

Leug and Treptow [411 found that watergiass crystallized in a much more

favorable manner than either lime or borax and that it improved lubrication
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conditions. Die life and production rates increased slightly. The major dis-

advantages were thai the coating responded poorly to hot dip galvanizing and

was unsatisfactory for wet drawing, since the lubricant caused softening of

the coating, leading to a buildup of wat/arglass in the die. There is also a

danger of decomposition of the waterglass, generating silica particles, which

cause abrasion. This material could, however, be valuable for high-

temperature drawing and for refitctory metals.

Metal Coatings

Metal coatings are gradually being replaced in many areas of drawing.

Most common is the copper coat deposited on steel wire in wet drawing prac-

tices. This is applied after pickling when the wire is passed through a bath

of copper sulfate, possibly containh*g 1 to 3% of iron sulfate, and a thin

layer of copper is Immersion-plated on the wire surface. The coating has

excellent resistance to penetration In subsequent drawing with a liquid lubri-

cant. The drawn wire has a bright surface finish which is very attractive.

Its color can vary between a copper pink and white, depending upon the bath

composition. A yellow shade is obtained on the coppered surface if tin or

zinc sa'ts are added, and a bright white surface results if nickel sulfate re-

places the copper salt iWi the pickling bath. Coppering has been discussed by

Bonzel [168] and Pomp [148].

Use of the lead coating was once recessary to prevent galling in the draw-

ing of stainless steel, particularly in tube drawing. The residual coating is

always undesirable, and must be removed as much as possible. Prior to the

development of oxalate coatings and the various resins and varnishes cur-

rently employed, lead was the unly satisfactory lubricant for stainless tube

drawing. it was not unduly expensive since it was relatively easily recoverad

from the drawn product by acid pickling, and it lasted for several passes.

However, it is difficult to remove all traces from the surface of the s.ainlr!ss

steel. This presented a serious problem of toxicity in the food industry,

which is a major market, and a problem of high neutron absorption in the

atomic energy industry. This method of lubrication is now used rarely, if

at all.

Plastic Coatings

"The coatings which have replaced lead on stainless steel are +he oxalate

coating used with a more conventional soap or oil-base lubricant, as
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described earlier, and various plastic coatings. These plastic coatings and

their application procedures are expensive compared to the cost of drawing

materials like carbon steel, but constitute a very small part of the cost of the

more expensive stainless steel, nickel alloy, or titanium alloy tubes. More-

over, pickup must be avoided in these materials; otherwise they are merely

converted into scrap. The tendency for adhesion and pickup increL.•: •s when

the tube is drawn many times-for example, in the production of hypodermic

needles in stainless steel-and these plastics, along with the oxalate coating,

are very effective in preventing pickup.

In the U. K., methacrylic resins [169, 170] are very widespread for diffi-

cult tube-drawing operations. They are usually applied by spraying, or by

dipping the tubes into a room-temperature bath containing the resin in an

organic solvent, and removed by boiling liquid solvent. In the U. S., the for-

mulations tend to include .2_icrine; for example, a chlorinated rubber is one

of the more frequently used coatings. Application and removal is similar to

the methacrylic resin.

Obviously, such plastic coatings must be removed before and reapplied

after process anneals; otherwise the plastic would decompose, and carbon

would diffuse into the surface of the tube, forming chromium carbides in

stainless steel and titanium carbides in titanium alloys. However, a great

advantage of the plastics is that pitting, which is evident on removing the

oxalate coating from stainless steel (especially from fine tubes), is not a

problem in the solvent removal practices.

7.32 Soaps

Boundary layers of soap can be formed in situ by applying fatty acids io

reactive metals. However, in wire drawing boundary films are of secohdary

importance since conditions of mixed boundary and fluid lubrication prevail.

Consequently, the viscosity-pressure and viscosity-temperature relationships

are more important than melting point and adsorption in determining lubri-

cant effectiveness [171], and in this respect blended soaps are superior to

pure stearates (1, 1711. Melting characteristics are Important (1721 in set-

ting the upper temperature of operation. The upper limit of soap melting

temperatures is around 300'C [172,1731, but addition of solid fillers can ex-

tend the melting range at least to 350 C [1701 while additionally increasing

the viscosity. Lime is the most frequently used filler [9, 174).

L
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Most soaps used as wire drawing lubricants are based upon stearates

[17, 171, 175-177], and there is evidence that they give better performance

than other soaps [41, 174]. Certainly there has been a steady move away

from sodium soaps made from vegetable oils and animal fats [9], such as the

sodium-tallow soaps. The most commonly used stearates in dry wire draw-

ing are sodium, calcium, and aluminum based [171, 176,177] while potassium

stearates are almost exclusively found in wet drawing [17].

Soap is applied to wire, bar, and tube either by dipping in a bath of soap

solution, or by passing the workpiece through a soap box, located immediately

in front of the die, which contains solid soap powder. Calcium and aluminam

stearates are always used for soap box application, while the water-soluble

sodium soap is hygroscopic and rapidly picks up water from the n.tmosphere,

to form large agglomerations unsuitable for dry soaping. Sodium soaps are

employed for dipping, which is a convenient sequence to other batch opera-

tions such as borax coating of phosphate- and oxala~e-dipping. Dipping is the

only practicable method when drawing speeds are very low, as for large diam-

eters and for nickel alloys.

However, when dipping is considered for limed wire, attention must be

paid to the relationship between the lime and the sodium soap. Papsdorf [31]

notes that during drawing with a lime coating, the sodium soap lubricant

forced between the die and the lime coating is exposed to high pressures (up

to 300, 000 psi) and temperatures (150 to 250°C) and is converted to calcium

soap, with some iron soap also being formed. Lime is frequently added to

the soap to increase its viscosity and melting temperature r17]. Generalized,

qualitative criteria for determining the limiting lime: soap ratio and lime

coating thickness for various wire and rod sizes have been put forward by

Stalson [142]. A lime-soap lubricant combination which may be suitable for

drawing coarse wire and rod may be unsatisfactory for fine wire sizes (Fig.

7.22). Kihn [178] also drew attention to chemical reactions between lime.

soap, and wire which might account for anomalies in the behavior of some

soaps. In particular, the likelihood of soap properties being modified by

loosened particles of the lubricant coating was noted-not only viscosity but

chemistry may be altered by this means. For example, Lumn [1761 reports

that a 15% lime-85% soap mixture will deteriorate after drawing steel wire

through several holes. The final composition may then include up to 45%

solids, consisting of lime from the wire coating and Iron and iron oxide from
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Fig. 7.22. Proposed relationship between drawing performance and

lime-soap ratio [142).

the steel surface. Apart from this, it has also been observed that the soap

itself undergoes chemical changes [1791 due to pr.uf.tion of soap components

having shorter or longer carbon chain lengths than the )rlginal compound.

This occurred both in the presence and absence of a lime coating, and this

had to be attributed to the effects of pressure.

Lime Is usually not employed in drawing nonferrous metals; the soaps of

sodium and potassium, often known as the alkali soaps, are much more Im-

portant because of their solubility.

7.33 Graphite and Molybdenum Disulfide

Graphite and molybdenum disulfide are solid lubricants possessing

lamellar structures (Section 4.24) and may frequently be regarded as bound-

ary lubricants, though in some applications they act purely as solid fillers

[1723. In wire drawing they may function as lubricant carriers [1371, as

when graphite-coated wire is drawn through dry soap. Graphite mixed with

aluminum powder and added to stearic acid has been recommended for cold

drawing [180]. More frequently its high-temperature properties are attrac-

tive in those instances where cold working cannot be performed. For example,

molybdenum and tungsten are drawn at temperatures between 500 and 700 0 C

[181-1831, and a dry film of graphite is almost exclusively used. Other

metals drawn at elevated temperatures with graphite include rhodium and

Iridium [1771, and there may be a relatively new field of application develop-

ing in the warm drawing of steel [1841. At room temperature, however,

graphite is severely limited by problems of removal.
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The same considerations largely apply to molybdenum disulfide too.

However, whereas graphite will find frequent application at temperatures up

to and above 600 C if the exposure time at temperature is short and a suitable

carrier is selected, molybdenum disulfide oxidizes at a lower temperature-

around 400 C [185, 186] -so that its high-temperature use is limited. Its

high-pressure properties are said to be superior to those of graphite, however

[187-1891, so that in many respects it is attractive in those operations where

galling might occur. Some reference is made to molybdenum disulfide in the

drawing of stainless steel [190, 191], copper [191], aluminum [192], both

high and low carbon steel wire [ 190-192], and other metals [ 187, 188],

although it is invariably recommended as a solid additive to an uji, a grease,

or a soap. The recommended proportions vary between 2 and 6% in soaps or

greases, although in special cases up to 40% has been used [ 187, 191, 193].

Some benefits may also result from applying these layer-lubricants to

the plug or mandrel in tube drawing or rolling [194], since here there is

often a critical problem in preventing adhesion and die pickup. A serious

problem with solid fillers is that aggregation can take place which leads to

pockets formed in random areas of the workpiece when an aggregated lump is

drawn through.

7.34 Other Lubricants

Many other lubricants have been used in wire drawing, of course, but

their compositions are not nearly so easy to group as the soaps and lamellar

solids. These can be roughly classified, however, according to the type of

operation aid the nature of the workpiece material. Wet and dry drawing

lubricants will be considered here.

The wet drawing lubricants are expected to provide a boundary lubricant

film and, perhaps more important, to extract heat from the die and work-

piece. For steels, these lubricants are usually applied to a wire precoated

with copper in the case of lacquered or coppered wire [195], or with zinc

in the case of galvanized wire, or perhaps with a 3hosphate for bright wire

[195]. These coatings are, of course, added in part to prevent galling of the

wire in the dies, but the lubricant is still required to impart lhgh finish to the

wire. Thus we find as wet drawing lubricants materials having polar quali-

ties to provide a boundary film on the m.tal, frequently in a solution or dis-

persion in water, which provides the necessary heat conductivity.
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In this category are found straight soap solutions, of between 1% and 15%

by weight soap concentration [15, 16]. These find some application in the

drawing of nonferrous fine wire, but usually various alkalis are added to

counteract contamination by pickling acid [15]. This lubricant ensures clean-

liness of the drawing machines, but is apparently uneconomical [6].

Soluble oils or, more exactly, emulsified mineral oils are used exten-

sively in the drawing of nonferrous fine wire, including bronzes and nickel-

chromium alloys, and of metal-coated mild steels [74]. Concentrations range

from 2 to 10% by volume [14, 16], and usually additions of boundary and ex-

treme pressure agents are made.

Other emulsions are made from fats or fatty oils dispersed with soap or

other emulsifiers. These dilute soap-fat compounds constitute a major type

of wet drawing lubricant [14], being used for steels, copper and its alloys,

and even stainless steels. Pomp [148] has given a method of preparing a

lubricant of this type for the drawing of fine steel wire on continuous drawing

,hines. Concentrations of 6 to 8% in water are used for medium wire

es, and 2 to 3% for finer wire. The temperature should not exceed 60 0C,

or breakdown of the fats can occur (14, 196].

Besides these emulsions which contain a high proportion of water, oils

find wide application as wet drawing lubricants. Straight petroleum-base

oils are seldom satisfactory and fats or fatty acids, as well as extreme pres-

sure compounds containing sulfur and chlorine, are usually added [14, 15, 1771.

These oils are used in the drawing of aluminum and its alloys, for stainless

steel wire [16], nickel-chromium steel, and Monel [7], and can contain up to

10% of fats or fatty oils. More reactive oils are used for the more difficult

materials. For example, stainless steel tube drawing often requires an oil

containing up to 50% chlorine.

In dry drawing, there are three main alternative lubricant types to soe:1.

These are the petroleum greases, the soap-fat paste compounds, and natural

tallows. However, soap-fat compounds are diluted with water or use in wel

drawing operations, as mentioned above.

A petroleum grease is a mineral oil that has been gelled by addition of

soap [17] (Section 4.25), and as a result some of its lubricating ability is

lost. Thus it produces a much brighter finish on the drawn bar [175]. Pomp

[148] has given a method of preparing this in the drawing shop, but notes

that more consistent properties are obtained in ready-made proprietary
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greases. Greases have beer, developed with high concentrations of sulfur and

chlorine in order to extend die life, and are used in the drawing of extra clean

and bright wire. The grease may also be pigmented with a solid filler such

as lime.

The principal application of soap-fat pastes is in wet drawing as emul-

sions in water, but in the undiluted state they are employed as dry drawing

lubricants for extra clean and bright steel wire when the finish from petro-

leum greases is not acceptable. Other possible applications are for copper

and brass rod [84] and in tube drawing [15], where solid fillers may be

added.

Tallow is an animal fat (e.g., beef or mutton tallow), and finds substan-

tial use in the drawing of heavy bars.

This concludes the listing of the various lubricant types. In the remain-

ing sections of this chapter the individual metals and alloys will be considered

with respect to the lubricants investigated experimentally and employed com-

mercially.

7.4 LUBRICATION OF FERROUS MATERIALS

7.41 Carbon and Low Alloy Steel

Carbon and alloy steel wire is produced from coiled, hot-rolled rods

mostly in the as-rolled condition, sometimes also after heat treatment. Hot

extrusion is employed very infrequently, and then only for special alloy steels,

as the technique of making steel bar and rod stock for wire drawing since the

volume of steel wire production is usually high enough to warrant the more

expensive but higher productivity rod rolling equipment.

In drawing terminology, the rod or the bar is the product from the pri-

mary working process, whether it be rolling or extrusion. The smallest size

of hot-rolled rod commonly made is 7/32 in. diameter, although some new

mills roll to 1/8 in. The difference between rod and bar is considered to

be in the greater accuracy of cross section of rod stock. Wire, of course,

is drawn rod or bar.

Experimental Investigatiocs

The ferrous alloys represent by far the largest commercial output oi

drawn wire. It is not surprising, therefore, that most of the research ia

wire drawing has been conducted on steels and dhat the understanding of
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lubricating mechanisms in steel drawing has progressed rapidly. Of all pub-

lished work, two major research efforts are particularly noteworthy: the

first was performed in Germany at the Max Planck Institut in IDisseldorf, the

second in England at the British Iron and Steel Research Association. The

BISRA work culminated in the development of the nozzle-die unit for the pro-

vision of a thick lubricant film as discussed in Section 7.27, whereas the

German research sought an understanding of the action of lubricants and

lubricant carriers in wire drawing.

Lueg and Treptow [1371 examined lubricant carriers for carbon steels,

and it appeared that borax could be more economical than lime for finer sizes

of wire. They also studied various other lubricant carriers in the drawing of

medium carbon steel wire at 100 fpm, and found that lime/graphite and lime/

MoS2 performed almost as well as the conventional lime/soap pair, while an

alkali/soap pair was better, as assessed by the number of passes possible

before annealing and by the friction. The composition of this alkaline carrier

was not described in detail.

Figure 7. 5 shows the influence of both lubricant carrier and lubricant

coating on the coefficient of friction in the drawing of 0. 53% carbon steel [511.

There are obvious differences in ability to reduce the friction in drawing,

but it is interesting to note that the best conditions were obtained when soap

was added to lime.

Further work [41] showed that th( type of lime employed had a direct

bearing on the lubricating qualities of the carrier; performance deteriorated

as oxide impurities and carbon dioxide content increp.sed. Silicates were

found to be successful carriers if the reserve of alkali was sufficient to pre-

vent precipitation of silica, which is an abrasi-,e. Lueg and Treptow (411

also found that with soaps as drawing lubricants the magnitude of the draw-

ing stress decreased as the chain length of the fatty acid increased.

Lueg and Treptow [1621 have observed the forces obtained in drawing

both carbon and stainless steels with a variety of oils, greases, and soaps,

and concluded that the higher the saponifiable fraction of an oil-base lubri-

cant (I. e., the fatty acid and ester content), the lower the drawing force.

They also found that the addition of extreme pressure agents such as sulfur

was necessary since repeated draws Imposed requirements of longer lubri-

cant film and die life. In general, oils did not exhibit the same ability to

minimize drawing loai as did soaps [12].
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Dhl and Lueg [12] compared the behavior of phosphate and lime coatings

in the drawing of 0.60% carbon steel wire, using a commercial drawing soap

as a lubricant. None of the phosphate coatings investigated surpassed the

performance of lime coats, Similarly, additions of molybdenum disulfide

failed to improve the lubricating qualities of either oil or soap used as a lub-

ricant on limed wire.

In general, the German research described here and in Section 7.3 has

provided some guidelines for the selection of lubricants and carriers for car-

bon and alloy steel wire. However, much work on phosphate coatings has

been done elsewhere. For example, Goncharov et al. [ 145] found very great

benefits in the wet drawing of fine steel wire (down to 0. 010 in.) at 1840 fpm

after phosphating, liming, and dry drawing. Komura [197, 198] examined

the behavior of the phosphate coating during wire dra"'4',g by means of auto-

radiography, using the Isotope P3 2 in the phosphate bath. Thinning of the

phosphate film was not a linear function of reduction in area, as would be ex-

pected, but was very much dependent upon the drawing speed and the efficiency

of the lubricant. The more efficient the lubricant, the more uniform the

thinning of the carrier. The benefits of phosphate coating were also demon-

strated in the experiments of Hantos et al. [1993. Mild steel tubes were

drawn under industrial conditions with a mineral oil-fatty oil emulsion as

lubricant. The total draw force and the mandrel force were much the same

with both phosphated and limed tube blanks: however, dra iing speeds and

total reduction prior to annealing were higher, and bare and hard-chrome-

plated tool-steel dies and mandrels could be equally well used with the phos-

phated tubes. In contrast, drawing of limed tubes at 16-30% reduction per

pass was possible only with chrome-plated mandrels. Lubricants of higher

viscosity-including a mineral oil, a drawing paste, a soap-aluminum powder

mixture, and graphite (applied to the inner surface)--reduced drawing forces

on phosphated tubes by not more than 10%, suggesting that the presence of

the phosphate coating exerted an overriding influence at the low (6-45 fpnm)

drawing speeds.

Many other experimental investigations of lubricants for the drawing of

steel have been reported (for example, refs. 27,184, 200-205). In general,

soaps have been found to be the most efficient drawing compounds for wire,

and this is reflected by their very extensive use in industry.
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Industrial Observations

Numerous lubricants have been recommended for drawing steel bar, wire,

and tube. The lubricant carriers for steels have been discussed in Section

7.31, and include lime, borax, and silicate doati-gs, while the sull coating,

metallic layers, and the phosphate coating are useful also in preventing

metal-to-metal contact. The sull coat, followed by lime, is the tr.tditional

method of preparation of high-carbon steel wire prior to drawing.

When lime is unacceptable for some reason, the borax coating finds ap-

plication. Lime is generally used only for low-speed drawing, while borax

is employed for more severe operations. Electrodeposited copper, followed

by application of lime or other carrier after plating, is acceptable when the

wire will be cold headed after drawing [206], since it can withstand severe

operations. Copper is also widely employed in wet drawing; the "coppered

finish" of steel wire is very attractive; therefore, market demands for this

finish also predetermine that copper will be used to prevent metal-to-metal

contact. Similarly, if galvanized or tinned wire is required, the zinc or tin

coating alone will be employed as a lubricant carrier.

The phosphate coating is more expensive than many of its competitors,

and is economical only when used in continuous lines, a.s discussed in Section

7.31. Phosphate coatings find considerable application when wire will subse-

quently be cold headed, and phosphating can be regarded as standard practice

in the cold drawing of tubes f2117.208].

The silicates, discusse: :n Ltion 7.31, are less widely accepted as

lubricant carriers, and it is rno known whether they are employed in industry.

In dry drawing, the carriers are most frequently coupled with dry soap

as a lubricant. The guidelines for using soap have been discussed earlier in

Section 7.32. With reactive substances such as lime, care must be taken to

ensure that no unfavorable reactions take place between soap and carrier

prior to or during drawing.

In the drawing of steel, sodium and calcium stearates fox m the basis for

the majority of industrial lubricants. As noted earlier, calcium-base soaps

are applied as dry powder from a soap box immediately ahead of the die,

while the soluble sodium soaps are generally employed for dipping of wire,

bar, or tube, which is subsequently dried. The insoluble calcium soap is of

a much harder consimency than sodium soap, and has been more widely in-

troduced as drawing operations became more severe 19]. For drawing mild
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steel, calcium soaps are not recommended [175], unless the wire has pre-

vriously been descaled. Other, ise, there may be difficulties in ensuring ade-

quate pickup c! dry calcium soap at the very high drawing speeds encountered,

besides the obvious problem of die damage due tW the presence of scale.

Aluminum stearate has been recommended (177] for drawing steel wire which

subsequently will be cold headed.

Blended caicium soaps are very important for drawing high-carbon steel

wire [9,175]. These frequently contain sodium soap: andJ solid fillers such

as lime or chalk; the fillers improve the high-temperature performance,

while the low-temperature properties deteriorate £1421. Greater solid con-

tents are said to be reqcired for mechanically descaled bar [1761, and ap-

proximate compositions of calcium stearate with 25% lime are quoted. Frost

[1 71 mentionel thae 1ý1 gher lime: soap ratios are used for drawing coarse

wire than for fine wire and gave values of 4:1 lime: soap for rod and 1:4 for

very fine wire.

5oaps ensure a greater average film thickness in the die than liquid

lubricants .nd, as a result, provide less intimate contact of die and wire.

The surface condition of th wire may be relatively poor due to th• presence

of Lydrodynamic pockets or to the occurrence of "free" surface deformation

(orange-peel effect). Should such sureace be unacceptable, greases or soap-

fat drawing pastes are employed [148, 177]. Grezlses, or tallows, are cften

used ir. the e .mg of large-diameter bars. These are sometimes pigmented,

cont-jaing 1;j ., 20% of aollds [209] eucb as ltire, talc, mica, graphite. or

molybd'i~um disulfide. Sop,• :lso frequently contain such fillers, and tor

high-carbon steel free sulfur is sometlmes included J 5, 182] to provide both

mechanical seperation and E. P. action in care thinniug of the lubricant film

occurs.

In wet drawing, finei wires are involved, the surfaces of wiich some-

times have residual coats of imUe, phosphate, etc., fro)m t3,e cry drawing

cpera'.on. This can be ieinved if a special finish is requirfd-for example,

a galvanized or coppered wire-or more usually it serves to prevent metal-

to metal contact in drawing with a liquid lubricant. Alterrativelyý rods are

bright-drawn in a grease and then finished by wet dr-..ving P 48]. Here the

grease must be removed prior to wet drawing, for exa'cple, by pickling in a

bath which also 1-nparts, P copper coat tc the wire. The practice of drtwing

wet direrftly from the rod is seldom followed now.



518 JOHN A. NEWNHAM

Soap-fat emul! dans are common wet lubricants for steel. Salz [177] gives

typical constitutents and concentration ranges as follows:

Soap 10-65% (e.g., potassium stearate)

Fats or fatty oils 5-50% tallow

Unsaponlfiable oil 0-15% mnineral oil

Fatty acid 0.5-3.0% stearic acid

Diluent 25-40% water

For carbon steel i I e Salz recommends a 1/2 to 3% solution of Inw soap-high
fat emulsion in water, Excess lime on the wire or its reaction products with

the free fats and fatty acids would, however, clog the recirculating system of

the wire drawing machine [43]. Bauzenberger [51 considers high fat-low soap

emulsions to be more frequently employed in drawing the coarser sizes of

fine wire (from 0.050 to 0. 020 in. diameter), while low fat-high soap composi-

tions are more suitable for finer sizes.

Straight alkali soap solutions are recommended [5] for vwry fine wire

(f0. 009 in.), but these will also deposit insoluble soaps in the presence of

lime, and are easily contaminated. Water-emulsified oils (soluble oils) are

alterzives for fine wire drawing, in place of soap solutions or soap-fat

emulsions.

Oil-base lubricants are recommended by Salz [ 177] for the wet drawing

of alloy steels. Viscosities between 100 and 300 SUS at 1000 F are given for

oils compounded with sulfur and chlorine extreme pressLre additives as well

as fat,3. Bauzenberger [ 5], however, notes that oils with viscosities as high

as 3000 SUS at 1000 e" may be used in slow-speed drawing of heavy gage car-

bon steel when a bright finish is required.

7.42 Stainless Steel

Experimental Investigations
Staialess eteel poses some problems in metalv"orking operations because

of its high strength, rapid work-hardening rate, and high adhesion to die sur-

faces, which can readily lead to galling. The most obvious solution to these

problems is to provide a cont'nuous film of soft ductile material which will

prevert metal-to-metal contact. However, stainless steel is frequently re-
quire] to have a brigat surface. Drawing with tenacious, highly viscous or

sulic lubricant films aad their subsequent removal can cause undesirable our-

fact defor'mation. Two of the chief requi'ements of lubricants then are ease
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of removal and ability to provide good surface finish. Consequently, there

has been much research into lubricants, lubricant carriers, and coatings for

stainless steel.

Lueg and Pomp [210] investigated the rrawing of a low alloy steel, a high-

speed steel, and an. 18-8 stainless steel using lime alone and lime with com-

mon salt as lubricant carriere, A dry soap and a commercial drawing grease,

to which oil had been added, were the lubricants, and the specimens were

given betwoen three and eight drafts without annealing to reduce bars of ini-

tia]Uy 0.197 in. diameter by various amounts. At speeds of 82 to 213 fpm,

lime with salt proved to be the better lubricant carrier, while soap was the

best lubricant. As a combination, iLese allowed eight drafts to a total of

88.4% reduction without process anneal, and without surface scoring of the

wire until the eighth draft.

Kunt,.e and Pomp [11] investigated the effectiveness of an oxide film pro-

duced by treatment in an oxidizing saline melt, as well as the more conven-

tional oxalate and lime-salt coatings. These were evaluated in the drawing of

stainless steel wire through steel dies to a reduction of about 85% in six

drafts using calcium stearate as a lubricant. The effectiveness of the coatings

was determined by the evaluation of * wear, drawing torces, friction coeffi-

cient, and surface appearance of the drawn wire. The oxide coat was the

poorest carrier tested, while the lime-salt coat was the best, in agreement

with Lueg and Pomp's results [210], as well as the cheapest. However, they

point out that a lime-salt coat of sufficiently even thickness and uniform ad-

herence is difficult to form-, this may lead to gage variations and the neces-

sity of replenishing the coating •eor only a few drafts. Moreover, removal

is difficult, and the coating can cause pitting of the wire surface since there

is a possibility of chlorine being formed. Therefore, oxalate coatbgs were

judged to be the best since they gave an even layer and did not lirpair the

surface quality of the wire. The higher cost of providing an oxilate coat is,

however, a disadvantage.

Lueg and Treptow [ 162] pointed out that the effectiveness of any coatng

will be dependent upon the lubricant used: in their york thr oxalate coating

was unsatisfactory with the two oils employed, whereas tie oxalate codting

with calcium stearate as the lubricant •as excellent in tie work of Kunze and

Pomp [11]. Better results were obtained with a coating which was desc-ibed

as an unspecified organic binder with ferric hydroxide. Another significant

difference in technique was that Lueg and Treptow's f 162] dies were of tur-

sten carbide, while Kuntze and Pomp [1I relied upon steel dies.
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Buch and co-workers (165] obtained favorable results in drawing stain-

less steel tubes with both oxalates and chloroparaffins. A chlorinated paraf--

fin containing 40% chlorine was the most effective lubricant tested in the work

of Halas [211] on drawing stainless steel tubes, while Dupli et al. [2121

found soap containing finely crushed free sulfur an effective lubricant for

stainless steel tubes. Lancaster and Rowe [26] indicated that methacrylic

resins have been successful in preventing metal-to-metal contact, and these

are currently in industrial use.

Solid fluorocarbon polymers applied in various concentrations as disper-

sions in oil, kerosene, toluene, water, and a proprietary solvent, were em-

ployed in drawing stainless steel wire by Gerds and Ogle [213]. Some of the

lubricants contained molybdenum diiulfide also. They were applied by draw-

ingiwire through the liquid dispersions, by dipping and air drying to form a

solid coating, or by dipping, air drying, and heating to melt the polymer on

the wires. A suspens m of fluorocarbon polymer with MoS2 in the commer-

cial solvent was as effective as commercial chlorinated wax, as judged by

the drawing load.

It will be noted that there is little publiahed experimental work on the

use of plastic coatings in drawing stainless steel. This is surprising since

such coatings are widely employed in tube drawing, and it must be surmised

that research efforts have been industrially sponsored, and are regarded as

commercially confidentizal.

Graphite [183] and molybdenum disulfide [1901 have both been mentioned

as poasible lubricants for stainless steel, but once again removal problems

present the greatest.drawback to their industrial use. Some form of carrier

is requirtd for these solid iubricants.

Industrial O~servations
Recommtnded lubricants for drawing stainless steel In industry have

been listed In r~ferences 34, 43, 166, 177, 206, 207, 209, and 214-216.

Lead coatings axe frequently mentioned, not )nly for tube drawing [43, 2071

but also for wires [34], but can now be regarded as obsolete because of the

toxicity of lead, along with the difficulty of complete removal from the sur-

face o! stainless stevl. Its place is nuw taken by coatings and carriers whiulh

are fasier to remove or which need not be removed. Alternatively, Im-

pro'ed lubrication obviates the necessity for a carrier in some instances.
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The oxaiste coating has found wide application, particularly in the more

severe operations such as mandrel drawing (166, 206,215], where it can be

regarded as standard tube drawing practice. The most attractive feature of

this coating, besides its efficiency in preventing metal-to-metal contact when

used in conjunction with soap, is its relative ease of removal. Alkali clean-

ing removes residual lubricant, while an acid dip will remove tWe -yxalate

[163]. Alternatively, a hot caustic wash has been proposed for oxalte re-

moval [217]. Neither method will cause such severe pitting as is evident

after the removal of lead, for which the tubes must be immersed in a nitric

acid solution for several hours [163]. Material drawn with an oxalate coat-

ing is therefore characterized by better surface finish. However, it should

be noted that the oxalate coat begins to lose its effectiveness if stored for

longer than three weeks [217]. Apparently, oxalate is affected by any increase

in temperature to a far greater extent than phosphate coatings [153], and thus

drawing speeds are severely limited. Oxalate coatings have been used in

some German wire mills on multihole machines, but the finishing speed em-

ployed is less than 200 fpm.

Some pitting still occurs when oxalate is removed, and this can cause

considerable problems in the drawing of fine tubes. The chief competitors to

the oxalate coating are plastic films, which can be removed with organic sol-

vents without any pitting. Hydrodynamic pockets might form on the drawn

product surface if the plastic film is too thick on the original stock, but the

problems should be minor if the coating is applied evenly by spraying or dip-

ping and if it is no thicker than required for the proposed number of drafts.

These plastics are frequently used in conjunction with a chlorinated o!l [214]

for drawing all si'.es of tubes and for rod and bar drawing.

Among the older methods which have now largely been replaced for bar

and tube drawing are electroplated copper coatings [2131 and a coating of

lithopone-shellac described by Bastlan [431. Lime and borax coatings have

also been sugggsted [206, 2151, especially in conjusiction with metal stearates

containing molybdenum disulfide [2151. Water-soluble, heavily pigmented

drawing pastes which can be applied by dipping also find some application

with lime coats [43, 2091.

In wet drawing, heavily chlorinated waxes and ofls-usually containing

about 40% chlorine-can adequately prevent pickup in many instance&• with-

out coatings or carriers. These can be used for "arge wire sizes. In wet
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drawing of fine wire, less active lubricants may apparently be used. Salz

[177] suggests a compounded oil containing sulfur, chlorine, and fat, of a

viscosity of 100 to 300 SUS at 100 F, while Stock (2181 notes that there is a

trend away from emulsions of vegetable soaps towards mineral oils with E. P.

additives. Dahl [166], however, considers that soap solutions and oil emul-

sions are suitable for all sizes of wire below 0.05 in. diameter.

7.5 LUBRICATION OF ALUMINUM AND ITS ALLOYS

Aluminum poses relatively few lubrication problems in wire drawing and,

in consequence, negligible research has been devoted to finding lubricants

for aluminum drawing. The material has low strength and is, therefore, ex-

tremely susceptible to changes in drawing speed or lubricant viscosity [219];

by increasing either of these parameters, the draw force can be reduced.

The standard lubricants are somewhat similar to those used in rolling (Sec-

tion 6.52), and are chiefly compounded mineral oils. Adequate prevention of

pickup can be ensured by careful control of viscosity and drawing speed, and

by provision of suitable boundary or extreme pressure additives in the base

oil. Compounded oils have been widely recommended for aluminum and its

alloys in the literature [14, 34, 43, 68, 177, 215, 220-222].

The concentratlons of boundary and E. P. agents in the base mineral oil

vary according to different authors. Morton (141 suggests that 7 to 10% fats,

fatty oils, or sulfur and chlorine additives; are common, while Salz [1771

gives 10 to 30% and Bastian (431 10 to 25% as the normal range. Obviously,

industrial practices vary locally, but compounded oils are certainly used

more frequently than straight mineral oils because die life is extended and

die pickup avoided.

Wide variations in recommended viscosity are found. Heavier oils with

viscosities between 1000 and 2500 SUS at 100OF are given [15, 43, 1771 for rod

sizes, and 100 to 200 SUS for fine wire drawn at high speeds (around 3000

fpm). Perry [34] gives slightly lower oil viscosities of 250 to 450 Redwood 1

seconds at 1400 F for rod and 40 to 90 Redwood 1 seconds for fine wire. Nicol

[ 2221 notes that two miscible oils having viscositiea of 55 and 600 Redwood 1

seconds can be employed, so that the whole range of aluminum rod and wire

sizes can be drawn with suitable mixtures of these two oils. The oils can

also be used neaý: one for high-speed draw!ng of fine wire, and the other for

comparatively slow-speed tube drav ing. Such practice is, however, rather
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questionable because the presence of even small quantities of the heavier oil

could cause excessive staining on annealing. On the whole, narrow cut min-

eral fractions of the appropriate viscosity should be by far preferable. W
As in rolling, aluminum debris accumulates in the lubricant after draw-

ing. According to Cleaver and Miller [68), these are particles of alumina,

which at best can function as inert filllfrs. On the other hand, the abrasion

of die materials by alumina particles is more important.

Oil-base lubricants find far more application in wet drawing than water-

soluble oils (emulsions) because of the problem of water staining and even

corrosion of aluminum, the latter occurring when the pH of the lubricant is

above 8.5 [177]. Conventional soluble oils and soap solutions also have the

disadvantage that they cause rusting of the equipment and high maintenance

cost [223], and they frequently fail to provide adequate protection against

pickup. They are sometimes used in fine wire drawing through diamond

dies [34].

For dry drawing of bar and r'xd, dry soaps, greases, or other lubricants

can frequently be found when aluminum is drawn on a small scale [34] -for

example, in a steel drawing mill-and special lubricants for aluminum are not

provided. Such practice should, however, be discouraged because ferrous

fines left in the system will be pressed into the aluminum surface and cause

pitting corrosion.

Cockcroft [215] states that high-purity soaps are used for bar and tube

sizes, often applied by dipping in a hot aqueous solution and allowing the soap

to dry. Salz [177] and Wickwire [224] have recommended dry soaps based

upon aluminum stearate, which may even be mixed with grease [224] to ensure

pickup onto the bar surface. The main disadvantages of dry soaps are that

they prevent any smoothing of the ,urface and that residual films cause dis-

coloration on subsequent annealing [2251.

The same can be said of greases, although the consistency of a grease

can be varied to the near-liquid state, so that surface polishing will occur.

Greases are employed extensively in low-speed machines not equipped with

wet lubrication systems [225]. Werner [226] has noted that an undisclosed

type of wax dispersion in oil can be used for drawing rod from 3/8 in. diam-

eter to fine wire. The problem of staining is claimed to be overcome since

some waxes may volatilize without leaving a carbonaceous residue.
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For tube drawing, once again heavy compounded oils have been recom-

mended [201, 206, 207, 209]. Perry [207] has Indicated that oils with

viscosities of up to 1000 Redwood 1 seconds at 2120 F could be required for

drawing very large tubes. Alternatively, a dry film of soap or wax [207,

215] has been used.

Perry 1207] comments that none of the current lubricants for aluminum

tube Is entirely satisfactory, although some new lubricants and techniques

have been proposed; for example, Gerds and Ogle [213] find solid fluorocar-

bon materials very successful in wire drawing aluminum, but it should be

noted that these are far too expensive for consideration.

Significant improvement in fine wire drawing technique has been achieved

by Olsen et al. [126), who applied ultrasonic energy to the liquid lubricant

in submerged drawing. It was claimed that by this means ali-ri..am could be

drawn to much finer sizes of wire; for instance, very high purity aluminum

(99. 99%) could be drawn from 0.005 in. to 0.0027 in. through 11 dies taking

a 12% average reduction in each die, at speeds between 100 and 150 fpm.

7.6 LUBRICATION OF COPPER AND ITS ALLOYS

7.61 Experimental Investigations

After steel, copper has been used mo3t frequently in wire drawing re-

search, mainly becluse it is fairly easy to draw experimentally and hence pre-

sents few problems to the experimentalist, whose main interest might be

correlation of draw force with a drawing theory. Much of this work is con-

ducted at speeds less than 5 fpm [103, 105].

These low speeds are not representative of commercial wire drawing,

of course, but frequently it is not the aim of the experiment& to do this.

Barnes and Cafcas [205] and McFarlane and Wilson [2271, for example, were

testing the validity of simulation techniques. Barnes and Cafcas found good

correlation between a very slow speed wire drawing test and rolling mill

trials with brass, using soluble oils as lubricants. This conflicts with the

results discussed in Section 5.28 showing that rolling performance could not

be predicted by drawing, VcFarlane and Wilson found good correlation be-

tween a friction test with a hemispherical slider on a disk and tube drawing

as far as lubricant performance waa concerned. However, drawing was per-

formed with conventional tool materials, while in the sliding test copper
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against copper was examined. This was said to compare with a layer of cop-

per deposited on the tools early.ln the operation, but obviously a true corre-

lation cannot be given unless the simulating test employs materials corre-

sponding to those in drawing.

Lancaster and Rowe [271 used a plane-strain drawing technique with

steel dies of circular profile. Copper strips were first indented by the dies,

using normal loads of 2 or 1000 kg, corresponding to elastic deformation and

bulk plastic flow, respectively, and drawn at speeds up to 6 1pm with soaý; or

oleic acid as lubricant. Soap ensured a lower friction coefficient tL A lei,•

acid at both levels of normal load, since it was able to maintain a thick film

while oleic acid gave boundary lubrication.

Olson et al. [1261 dealt with a process having more direct application to

industry. They applied ultrasonic energy tV. liquid lubricants in the m3uv-erged

drawing of fine copper and copper-beryllium wire. Ibis prevented tho ac-

cumulation of debris in the die and enabled them to draw OFUC copper from

0.015 to 0.0028 in. diameter at 1000 fpm using an average reduction of 30%

per pass through nine dies. Further reduction down to 0. 0007 in. diameter

could be accomplished at a speed of 50 fpm. This technique, if repmducible,

represents a significant advance in fine wire drawing technology, where the

greatest problems are in preventing fine slivers of copper and other debris

from entering the die and causing tensile failure.

7.62 Industrial Observations

Almost all copper and brass wire is drawn with a liquid lubricant, but

dry lubricants may be used for the slower rod or tube drawing operations.

For example, dry soaps have been recommended especially for brass and

bronze [2151, but rernoval by Immersion In boiling water is necessary if the

wire must be entirely clean for a subsequent operation [228j. Soaps may be

applied to tubes by dipping in a suitable hot soap solution. It shc.di ji noted

that coatings are not required for copper and its alloys in cold forming opera-

tions.

Greases contzilnig sodium or calcium stearatea have also been employed

for bar dravA i•, "215). In particular, the rod may be passed through a grease

or ta'.:, i,-'ore entering the first die, and then one may rely upon liquid

lubri, -. ; i bseqe rent drafts [43).
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By far the most common lubricants for copper-base materials are soap-

fat emulsions, with typical composition ranges given in Section 7.4. Salz

[177] also notes that for coarse sizes of copper and brass wire a concentra-

tion of between 3% and 7% of high fat-low soap compound in water is employed

but for fine wire a low fat-high soap compound is preferred at lower concen-

trations (between 0.5 and 3% in water). These concentration ranges agree

with those suggested by Perry [34], Morton [14], and others [228], and are

used for most copper alloys. However, the free fatty acid content should be

kept to a minimum to avoid staining on storage and to avoid fcrmation of cop-

per soaps which could clog the machines. Also, the pH of the emulsion should

be kept within the range 8.5 to 9. 6 [34, 68, 228] since higher a&Od contents

will cause inability of the emulsion and increased tendency for staining.

Lengthy storage times can also cause problems [229], since the residual

film of lubricant on the surface can react with the thin copper oxide film and

cause discoloration. An optimum working temperature of between 380 and

54 0 C has been quotcd for these compounds [228] ; prolonged exposure to tem-

peratures above 60 0C usually results in reduced die life.

These compounds are also recommended for tube drawing, where condi-

tions are more severe. The concentration of solids may then be increased,

so that for harder alloys such as bronze or cupronickel, soap-fat pastes con-

taining up to 20% of solid filler are employed [207, 209].

Oil emulsiono find limited application in less severe operations, such as

the drawing of fine copper wire [228], once again at concentrations up to

about 3% in water. They usually contain extreme pressure additives, and

the pH will be maintained between 8.5 and 9.6.

Compounded mineral oils suffer from poor cooling ability, but give lower

friction, higher die life, and better finish than emulsions. They are gener-

ally used at lower drawing speeds to overcome the difficulty of inefficient

cooling, and high lubricant flow rate can also alleviate the problem. Coin-

pounded oils are found in European practice for drawing rod sizes [341, and

are. also mentioned [43] for drawing very fine wire (down to 0. 001 in. diam-

eter). Oils for fine wire are always of low viscosity; 45 Redwood 1 seconds

at 700F was recommended by Perry [341, particalarly for phosphor bronze

wire. Perry [2071 has also noted that E. P. mineral oils with viscosities of

100 to 300 Redwood 1 second( at 140OF are sometimes employed in tube

drawing.
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Mineral oil containing proprietary waxes as boundary additives was sug-

gested by Werner [226], who noted that, after drawing, a thin film of wax

residue prevented corrosion of the wire.

7.7 TITANIUM AND ITS ALLOYS

7.71 Experimental Investigations

The great advantages of titanium as a structural material are its exoep-

tional strength-to-weight ratio, particularly at slightly elevated temperatures,

and its corrosion resistance. These properties are, of course, extremely

attractive but are cffset to a large degree by the problems involved in form-

ing titanium and particularly its alloys. The difficulties in cold forming arise

from high strength due to development of aL unfavorable texture, from a high

rate of work hardening, and from a susceptibility to severe die pickup.

Lancaster and Rowe [27] showed that in plane-strain dr!!wing, neither soap

nor oleic acid prevented severe pickup of titanium onto carbon steel dies,

while Rabinowicz [2301 demonstrated that many conventional lubricants were

totally ineffective on titanium, giving friction coefficients little different from

that of the unlubricated metal. This evidence points to the need for a lubri-

cant coating similar to those used on high-carbon and stainless steels.

Several coatings have been proposed on the basis of various research

studies. The most common of these is the fluoride-phosphate chemical con-

version coating originating at Battelle Memorial Institute [1601 and described

in Section 4.42. This was developed primarily for cold extrusion, but has

obvious application in tube drawing or other operations of equal severity.

The coatings examined for sheet metalworking discussed in Section 11.8,

are also relevant here. These include the fluoride-phosphate coating, oxi-

dizing in air for 15 mrin at 6300 C, and sulfidizing for 3 hr in a salt bath based

on sulfur and cyanide compounds at 570"C. The Swift rupping test was em-

ployed, and coated blanks were drawn dry or with one of three lubricants

(two E. P. oils and a plastic dry film compound).

Sulfidizing exhibited the best performance in terms of limiting drawing

ratio and surface finish, with adequate performance given by both oxidiz~ng

and phosphate coating. A .chlorinated oil was found to be the better of the two

oil-base lubricants, but the plastic film lubricant adequately prevented

metal-to-metal contact without additional surface coating.s. All of these lub-

ricants are :Lpplicable to wire- and tube-drawing requirements.
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White and Miller [161] exa•£:ned a wide variety of coatings in wire draw-

ing and in rotary and reciprocal4ng wear tests, using a wax, a machine oil,

anra molybdenum disulfide in lv•.i a grease and _- icquer as lubricants. The

results showed that suitablh z.,uoride-phosphate cioatlngs could be produced by

both high- and low-temperature baths. A sodium hydrolide anodic coating,

produced by anodizing for 20 miin in a 5% caustic soda solution at 940C with a

current density of 50 asf, gave good performance in the wear tests but was

Dot examined in wire drawing. Possibly the best results in both tests were

given by a fluoride-phosphate coating which was modified to produce a thick

layer of TIO 2 between metal and coating by subsequent heating at 4250C for

2 hr in air. All these cotlings muist be used with a lubricant, and of those

examined, the mach!ne oil and the lubricants containing MoS2 gave superior

performance.

in the experiments of Larson and Backofen [231], a speed of 0 1 fpm was

used in drawing 0.187 in. diameter titanium and 10% Mn titanium.i alloy wire.

For a 10% reduction, a lubricant of zinc stearate gave a low drawv f- c... on

copper-plated, anodized, and phosphated surfaces with the same lubi cant.

These coatings also performed well with a suspension of graphite in water,

but the authors noted that the relevance to industrial conditions, in which

speeds up to 200 fpm were more typical, was limited.

7.72 Industrial Observations

It has been repeatedly stated [215, 231, 232] that in industrial practice

copper plating with a metal aoap i& commonly applied This is, however, an

expensive method of providing a protective coating, and has fallen out of favor

as cheaper techniques became available. One of these is oxidizing, which is

used in commercial practice [233]. Wilson's technique [233] involved heat-

ing to 700 C in an oxidizing atmosphere, and subsequently dipping in lime.

A drawing lubricant consisting of five parts soap to one part molybdenu di-

sulfide was recommended. This practice enabled the oxide coat to form dui-

l!g intermediate annealing, and had been extensively employed in tube draw-

ing. Chlorinated wax lubricants are also used.

Formation of an oxide coat is probably tme cheapest method of obtaining

a protective coating on titanium. However, many others have been propoeed,

as indicated above, and some of these are also in practical use. For ex-

ample, the fluoride-phosphate coatiag has some application in che more
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severe operations, such as tube drawing [206, 234]. Anodizing has also been

mentioned [232], but is probably applicable only to the lighter operations (for

example, fine wire drawing).

Plastic film lubricants have relevance to both bar and tube drawing, and

they car. be applied by spraying or dipping and removed by solvent degreasing.

These include both the chlorinated piastics and the methacrylic resins dis-

cussed for stainless steel. However, chlorinated plastics, as well as other

halogen-based lubricants, are no longer used in the aerospace industry.

Finally, a lubricant coat almost as resistant to penetration as the plastic

films has been proposed recently [235]. Asphalt was applied in a very thin

layer to the metal surlirje by dissolving asphalt in xylene, an organic solvent,

and dip coating the part to be drawn. Evaporation of the solvent left a thin

asphalt coating. Lithium stearate was used as a lubricant, but additional

water cooling of the material was necessary at reductions above 10% and speeds

above 10 fpm. This speed limitation is the biggest drawback of such a lubri-

cant, since other coatings allow faster working. Removal, however, was

again relatively easy, and could be done by solvent degreasing.

7.8 OTHER MATERIALS

Ferrous materials as well as copper and aluminum alloys have been

drawn for mawy years [236, 2371 so tnat lubrication practices are sometimes

steeped in tradition. Nevertheless, the vast quantities of these wires pro-

duced have promoted a steady advancement in lubricant techniques over re-

cent years. Many other, newer materials are not produced in such quanti-

ties. Consequently, research effort has been rather limited, and pract!,es

are regarded as confidential; hence, reliable information tends to be scarce.

In this class of materials are most refractory metal alloys and alloys which

are, ".i general, only associated with atomic energy applications. Since these

are produced in relatively small quantities, drawing technology is still often

limited to a pilot-plant scale.

7.81 Nickel Alloys

Nickcl and its alloys are lutricated with techniques similar to those used

for stainless steels. Ccatings aad carriers ai ý necessary to reduce die wear.

Hence, the oxalate coating is attractive for bar and tube drawing, as are

methacrylic and other resins. Oxalates have shown fair success in drawing

superalloys and Monel [1631.
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Other coatings are lime In conjunction with an oil or with a drawing emul-

sion consisting of soap, oil, and fat in water [238] ; lead used with lime and

soap (206] ; and a copper coating used with a chlorinated paraffin [239].

Lead, copper, lime, and oxalate coats have all been used with dry soap

powder possibly containing zinc or aluminum stearates [5], or with drawing

pastes. For wet drawing, however, the copper coat is more common than th-ý

others, and fine wire may be drawn, usually submerged, without coating.

Improved submerged drawing conditions have been obtained by a high-pressure

feed on the dies [2381 or by ultrasonically agitating the lubricating fluid [126].

Straight oils or emulsions are used for wet drawing, although extreme pres-

sure additives should be beneficial.

7. 82 Beryllium

Trc:dcity imd lubrication difficulties make canning of beryllium manda-

tory when worling it hot above 780 0 C. Lubrication is then typical of the

mild or stainless steel used as canning material.

Beryllium is almost invariably drawn at elevated temperatures to take

advantage of increased arawability. The metal is usually worked at between

400 and 5000 C, but because the work-hardening rate is low, relatively small

reductions (25%) must be taken. Cladding is not necessary, but even so, few

lubricants are suitable at these temperatures, and graphite and MoS 2 are

commonly used. Heavier sections and tubes may be drawn in the sheath, but

thinner products have to be processed bare in order to assure good surface

finish.

For lubrication in the drawing of rod, Gross [240, 241] has recommended

a mixture of graphite and MoS 2 in a phenolic resin binder, which is coated

on the rod, while the lubricant box ahead of the die i0 heated and contains

flake graphite. Gross and co-workers [241] also had fair success ir draw-

ing beryllium at 315 0 C with an oil lubricant.

For tube drawing of beryllium in a mild steel sheath, practicable re-

ductions have been obtained [242] with colloidal graphite as a lubricant,

Attempts were also made to draw bare beryllium tube with the same luLAi-

cant, but scoring was experienced.

Denny has suggested nickel cladding of all v, irt*- stock below 0. 300 in.

diameter, with lubricants oi molybdenum disulfide in water on the wire and

fine graphite powder in the die box [2431. Recommended reductions were
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12 1/2% using a heated (4000C) tungsten carbide die of 120 included angle for

stock larger than 0. 020 in. diameter, while dian.ond dies were recommended

for sizes below this.

Among other coating materials which have given fair success is elec-

troplated silver [244], which was used in conjunction with a lubricant of

vermiculite in isopropanol for the warm extrusion of beryllium tubes. This

was not tested f)r warm drawing, however, although there is little doubt

that such a coating could adequately serve as a lubricant.

7. 83 Zirconium

The primary use of this metal is in the production of nuclear power

reactor cores for operation at elevated temperature. Either the pure metal

or the alloy Zircaloy-2 (which contains 1 1/2% tin and trace amounts of iron,

chromium, and nickel) is of concern.

Bastian [43] has commented that zirconium is drawn by methods similar

to those encountered for carbon steel. This means that the wire will gen-

erally be coated and a lubricant used on top of the coating. Thus copper has

been recommended [206], either as an electroplated layer or as the sheath

from hot extrusion, and would be combined with a soap, a grease, or an oil

lubricant. A copper jacket with traces of oil as lubricant has been suggested

for tube drawing of Zircaloy-2.

However, commerc. 1 practice is closer to that for titanium alloys [206].

A fluoride-phosphate conversion coating is available, and this is applied by

immersion in an aqueous solution containing 0. 1 to 0. 5% by volume of hy-

drofluoric and 1% orthophosphoric acid. Conventional lubricants for this

type of chemical conversion coating are soaps, although greases, oils, or

emulsions might have some limited application. Nelson [245] has reported

that a proprietary conversion coating, presumably a fluoride-phosphate, on

Zircaloy-2 has given better results than a straight phosphate coat and an

oxide layer.

Asphalt in xylene [235], in conjunction with a lithium stearate soap has

been successful on Zircaloy-2 wire and tube, though not at speeds above 10

fpm. Finally, Cockcroft 12151 has recommended a mixture of insoluble

stearates and E. P. additives with a high MoS2 content for use on unco•.%ed

zirconium wire and tube.
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7.84 Tungsten

Tungsten is used as a filament material in lamps or electron tubes, and

also as the material of various components in missiles and space vehicles.

It is most frequently hot workel to take advantage of the increased ductility

at elevated temperatures [1831 and the corresponding reduction of strength.

The ductile-brittle transition temperature is lowered by plastic working, ana

cold drawing becomes feasible for heavily worked matertal [13, 246]. The

temperature at which the wire is drawn may vary according to local prac-

tices and the amount of prior work, but the lubricant is invariably colloidal
graphite in a liquid carrier which volatilizes when the wira is heated.

Salz [177] has given a drawing temperature of 9800C, as has Bastian

[43], while a carbide die temperature of 380CC has been suggested [238].

Carbide dies are invariably employed for coarse wire; diamond dies are

more suitable for finish reductions at room temperature down to 0. 003 in.

diameter [43].

Graphite in water is frequently recommended as a lubricant, and is

applied by spraying the liquid onto the wire, which is subsequently heated to

a temperature Pbove that at which drawing will take place [43] and then al-

lowed to cool. A preliminary oxidizing treatment has been suggested [180],

so that metal-to-metal contact is doubly prevented by means of a coating,

which will also give better graphite adherence, but this practice is not wide-

spread.

Tube drawing is carried out at lower temperatures [246], usually be-

tween 425L and 5400C, using carbide dies and a hardened steel bar. A

lubricant of graphite in sugar syrup is baked onto the tubes prior to drawing,

and the tube is removed from the mandrel after drawing by applying a light

pull. The tube does not require expanding by the normal reeling operation

since there is a favorable differential thermal contraction.

7.85 Molybdenum

Molybdenum and its alloys are drawn with the same techniques as

tungsten [180, 183, 238). The wire passes through a spray or bath of col-

loidal graphite in a carrier, which is frequently water, and is then heated to

drawing temperature, so that the carrier vo!atilizes. Similar temperatures

are involved, although it has been suggested that small reductions can be

made co!d [2351.
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7.86 Tantalum

The traditional method of drawing tsatalum is through dispersion-harden- A

ed aluminum bronze dies [247], since severe die pickup occurs with steel

or carbide dies. Although these dies prevent adhesion, a high rate of wear

must be tolerated since the bronze is much softer than hardened steel or

carbide dies. Conventional practice as stated by BaLiata et al. [248] employs

beeswax or beeswax-base lubricants in conjunction with aluminum bronze

dies. The type of die alloy is important, however, and generally precipita-

tion-hardening alloys are required for their extra strength. The composi-

tion used by Batista et al. [248] was 80% copper, 15% aluminum, and 5%

iron.

Galling can also be prerented by adding a protective coating on the

metal and, as Bastian [431 remarks, the techniques that can be used are

essentially similar to those for carbon steels. Thus, asphalt coating [235],

anodizing, copper coating, or plastic film coating might find application, as

a means of changing the composition of the surface presented to the die.

High working pressures would be involved at room temperature, so that

graphitic lubricants might be warranted with some of these coatings to p.o-

vide additional protection against metal-to-metal contact.

7.87 Uranium

Batista and co-v orkers [248] state that the lubricants found to be most

effective in their simulating test, which involved drawing strip through par-

allel dies under a normal load in the elastic range (as in Fig. 5. 10b), were

consistent with known practice. These lubricating techniques involvEd alu-

minum bronze dies and beeswax, or chrome-plated steel dies and colloidal

graphite in water.

C•,.ting techniques using plastics or asphalt [235] would, again, be quite

acceptable.

7.9 SUMMARY

A great variety of lubricant requirements are encountered in the draw-

ing of wire, bar, and tube. Drawing speeds and geometrical variables may

differ considerably in these processes, so that lubrication may range from

purely boundary to near fully hydrodynamic. For example, thewedge-shaped
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entry zone in draw dies encourages hydrodynamic lubrication, while the in-

terface between the stationary mandrel and the inner surface in tube drawing

often becomes starved of lubricant supply.

Compared to rolling, drawing has the advantage that no minimum fric-

tion is required. Therefore, lubricants of any viscosity may be used, pro-

vided the surface of the drawn product is acceptable. This has led to the

wide-scale adoption of dry soap powder as a lubricant, which acts essentially

by a partially hydrodynamic (thin film) mechanism, and 0:e basic problem

here is maintaining a uniform supply of the lubrican

When surface finish is of no great important, the coefficient of friction,

as well as the tendency for metal pickup, may be substantially reduced by

obtaining nearly full fluid film conditions of lubrication. The methods of

promoting these conditions depend upon supply of lubricant under pressure

to the die; although designs suitable for soaps have been successful, further

development in this direction is certainly desirable.

When drawing speeds are slower or a better surfa(..:• finish is desired,

conditions more removed from hydrodynamic lubrication are sought. Draw-

ing pastes, greases, and heavily compounded oils are usually adequate for

slow-speed drawing with the lubricant reducing friction through the formation

of boundary or extreme pressure films. For higher speeds, oil-base or

water-base lubricants are successful. Here, cooling of the die is as impor-

tant as reduction of friction, and this is accomplished by supplying large

quantities of fluid to the die-wire interface, or by submerging the multiple

drawing urit in lubricant. The composition of the lubricant is dictated by

the workpiece material, and improvements could no doubt be found some-

what on the lines indicated for rolling in Section 6. 10.

Wire drawing presents some special problems to the lubrication engineer.

Firstly, very fine wire must be drawn through a series of many dies, and

costly breakages uan be avoided only by assuring cleanliness of the lubricant.

Ultrasonic vibration of the fluid hat, shown great potential here, and applica-

tion of recirculating filtration systems which are well established for rolling

fluids could no doubt be employed to advantage. Secondly, some materials

tolerate only very moderate cold work, and wire drawing must be performed

at elevated temperatures. While equipment suitable for elevated tempera-

ture drawing exists, lubricaticn practices could possibly be improved and

better hot drawing lubricants found.

LA
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Problems in tube drawing arise because drawing speeds are low and

because continuous supply of lubricant to the stationary mandrel/tube inner

surface interface is difficult. Uniform application of a lubricant effective at

low speeds is necessary prior to drawing, and some advances have been

made in tAis direction by various solvent and aqueous techniques. There is

plenty of scope for improvement, however, and vibration of the mandrel is

one of the attractive possibilities.

The grtat interest in wire drawing lubricants, in general, seems to have

somewhat subsided. Nevertheless, the need remains for further improve-

ments in both the conventional and the more difficult-to-work materials.

In particular, the latter are still produced by rather expensive and slow

techniques, and a fresh approach to their forming would be desirable. This

would include not only a search for improved lubricant systems, but also an

assessment of the die-lubricant-workpiece system as a whole.
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8.1 INTRODUCTION

Hot extrusion is one of the most important primary riealworking opera-

tions. From the relatively simple task of extruding lead the process was

gradually developed for copper, aluminum, and steel. During the last few

years, it has received considerable attention for the working of refractory

alloys, superalloys, and titanium.

This process is attractive because (a) extrusion forces are reduced in

that the flow stress of the billet is lowered; (b) elevated temperatures in-

crease the workability of the material without fracture thus allowing higher

extrusion ratios; (c) the process is one of predominantly compressive

deformation, again enhancing the ductility of the workpiece material, and

(d) complex shapes may be produced with modest tool costs. In view of these

major advantages, hot extrusion has been the subject of considerable study-

both in laboratory-scale experiments and industrial developments-to deter-

mine optimum conditions for major parameters such as extrusion ratio, die

design and materials, temperature, speed, lubrication, and other operating

variables. The purpose of all of this effort is to obtain a sound product of

desired dimensions, tolerances, surface finish, and mechanical and physical

properties.

Lubricants in hot extrusion (which can also be performed dry) are called

upon to reduce friction and ienct power requirements, reduce die wear, act

as thermal Lisuiator between the billet and the die container, improve metal

flow and thus enhuance mechanical properties, improve tolerances and overall

quality of the extruded product, and reduce cost by allowing higher extrusion

ratios, higher extrusion speeds, and increased percent yield of the billet.

In hot extr..sion, lubricatLioi of various portions of the die-container

assembly may serve a variety of purposes. Thus, It is desirable to have

low friction between the billet and the container walls so that extrusion
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forces are reduced. Furthermore, good lubrication of the (ie-billet interface

is particularly importaat if g.od die life is desired. Die wear can take place

either by abrasion as a result of which the die throat diameter is increased or

by thernial failure resulting in die v,;hing whereby the throat is reduced in

size. It is thus evident that a good supply of lubricant must be provided, both
for low friction and for low heat transfer to the di.-.

On the other hand, the use of a lubricant has the dlsad,,ntage of intro-
ducin& additional costs, including the cost coi the lubricant itself and the cost

of equipment and operations necessary for apprlying the lubricant and for
removal of the residues.

1he desirable properites of lubricants in general have been discussed in
detail in Section 5.1. For hot extrusion, S6journet [1], Sabroff [21, and many
others have highlighted the following requirements: chemical stability, o- at
least a slow rate of decomposition or attack on the tool and workpiece, and-
if liquid-good wetting and adequate viscosity to resist high pressures and a
moderate change in viscosity with temperature so as to flow in a thick film.
Additionally, the lubricant should be a good thermal insulator tc minimize
heat losses (most lubricated hot extrusions are completed withi r 3-4 seconds),
should act as protective coating to minimize oxidation during handling and

processing, and should be relatively inexpensivc and easy to apply and remove.
Profound changes in ' erform-nce can be obtained in hot extrusion not

only through manipulation of process variables such as speed, extrusion ratio,
and billet temperature but also through the selection of lubricant-workpiece

material combinations.
The most stringent requirement of the lubricant is that it function

properly at the high temperatures (Table 8. 1) and pressures employed in
hot extrusion. The selection of the proper lubricant :rom the great v-.riety
available depends on the billet material, die material, extrusion temperature,
and other parameters involved. Some of thf-se lubricants, graphite and glass,
are widely used in practice while others are in an experimental stage of

development.

SystemaLic studies to establish quantitative relationship bceicen the
material flow, forces, quality of product, etc., and the material and process
variables in hot ext'uslon in terms of lubrication appear to be scarce. The
available information is presented in the followIng sections.
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TABLE 8.1

Temperature Ranges Ordh.narily Used for Extrusion
of Various Materials

Material Range, 0C

Low C Steel 900-1250

High C Steel 900-1150

4340 Steel 1070-1200

304 Stainless 930-1250

1100, 3003 Aluminum 300-550

£024, 7075 Aluminum 360-450

5052, 6061 Aluminum 300-500

Beryllium 800-1100

Magnesium 300-540

Copper 750-950
70/30 Brass 725-850

Phosphor Bronze 540-560

Titanium 650-930

Ti-8A1-4V 870-1050

Nickel 650-1200

Hastelloy X 1000-1200

Cb 752 1200-1450

Molybdenum 950-1900

Tantalum 1000-1250

Tungsten 1600-2200

Zirconium 750-900

8.2 FRICTION AND LUBRICATION FFFECTS

8.21 Friction and Lubrication Mechanisms

Lubrication mechanisms in hot extrusion encompass four basic types:

dry sticking friction (Fig. 2.12b), solid or liquid lubrication with sliding

friction (Fig. 2. 12a), hydrostatic lubrication, and phase-change lubrication.

The desirable mechanism for a particular extrusion application depends on

considerations involving the workpiece mater.al, bi'.:L. and die temperatures,
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die life, and surface finish of the extruded product. In practice, the choice

of lubrication will also deplnd on the type of extrusion equipment available.

Sticking Friction

In dry sticking friction the outer skin of thle billet remains more or less

attached to the container walls; the flow of the metal then takes place in the

subsurface layers. In general, the extruded product will have a good surface

finish and will be free of any contamination that the original billet surface

might have had, provided that extrusion is interrupted and a butt left which

prevents oxides and other contaminants from entering the extrusion.

Solid Lubrication

Solid lubrication resulting in sliding friction is obtained through mear.0

such as oxide layers on the original billet, or eolid lubricants such as

graphite, r -iybdenum disulfide and phosphate coatings, and canning mater-

ials. These materials maintain an interface of low shear strength between

the billet and the container-die so that friction is reduced. The surface of

the extruded product depends on the nature of the oxide or the coating,

which largely remains on the extruded surface. Canning materials are

usually removed aftei extrusion, and the quality of the extruded surface

depends on the physical and mechanical properties of the canning material in

relation to the billet material.

Liquid Lubrication

Hydrostatic lubrication can be sustained in rainless extrusion (Fig. 2. 11f)

or with special container and ram designs (Fig. 8. 1) in such a way that the

lubricant is trapped in the interface between the billet and the container.

Under such conditions, speed does not have any appreciable influence, since

the pressure buildup that is necessary to .ransmit extrusion forces to the

billet is obtained by trapping the lubricant by mechanical means. Conse-

quently, the choice of the lubricant is governed more by factors other than

lubricating ability; in rainless extrusion, the lubricant must not solidify

under the imposed high pressures, while in hot extrusion (Fig. 8. 1) it must

mnelt at an adequate rate to flow easily yet it must not decompose at an

excessive rate. In the technique described by Sauve [31, the lubricant is

maintain',d under pressure by a metal seal at the die and another specially

designed scal behbid the billet (Fig. 8. 1). If the billet is completely

enveloped by the liquid, the hydrostatic pressure generated should be

similar to that encountered in hydrostatic extrusion. It is claimed that this
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Fig. 8 -1. The C. E. A. process for extrusion. (a) Lubricant, billet,

and rear seal in popition; (b) fitting the pressure pad; (c) extrusion of a tube

in progress [31.

patented C. E. A. process (after Centre d'Etudes Nucisaires de Saclay,

France) is simple and inexpensive.
'Mien the lubricant is not trapped in the container, a fluid film can be

maintained only under rather strictly circumscribed conditions. Due to a

lack of systematic experimental data and the scarcity of thorough analytical

studies, our knowledge of the exz~ct rnch~uiL~sns of fluid film behavior in hot

extrtsion Is incomplete. It appears, however, that in lubrication with fluids

such as glasbes, two mechanisms are in operation, either singly or, under

certain circumstances, jointly.
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The first is the mechanism of phase-change lubrication in which the glass

disk between the die and the billet serves as a reservoir (Fig. 8.2) supplying

the required amount of lubricant by gradual melting of the glass at the billet-

glass interface. Although it is preferable to use conical dies for better lubri-

cation, the die faces normally include 180 ; thus the die-glass-billet system

makes its own die angle, somewhat similar to the dead metal zone formed in

the extrusion of metals with a 180° die.

A second mechanism of lubrication akin to hydrodynamic lubrication is

obtained by precuating the billet whereby the coating supplies all glass neces-

sary to maintain a continuous lubricant film during extrusion. This has

assumed particular significance in the extrusion of superalloys and refractory

metal alloys, because a glass pad cannot be retained [4] at the usual low

extrusion ratios.

Theoretical studies of fluid film (hydrodynamic) lubrication in extrusion

are scarce. An analysis by Pan [5] essentially confirmed the expectation

that factors controlling hydrodynamic lubrication in general should also be

important in extrusion. Thus, the die design, lubricant characteristics,

process temperature, and extrusion ratio must be matched. Unfortunately,

an explicit solution can be found only if the lubricant supply is known, a con-

dition seldom satisfied in practice. Further work on hydrodynamic extrusion

is discussed in Section 10. 2.

Temperature and pressure effects on the viscosity of the lubricant must

be regarded as important factors in the proper die design for hydrodynamic

lubrication during extrusion but, here again, available data are too scarce

to allow valid theoretical solutions, at least for the present.

aGLASS-

Fig. 8-2. Schematic illustration of glasts-lubricated extrusion process.
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The relative importance of phase-change and hydrodynamle lubrication

is still debated. There ir little doubt that the phase-change mechanism

predominatas with glass pad lubricants used at larger extrusion ratios

(typically, 12:1 and over). S6journet and co-workers regard gradual melting

of the glass the most important, and have attempted to determine the optimum

glass viscosity from calculations of the time required to soften the lubricant

film [6]. Rowe and co-workers have shown with radioactive tracer tech-

niques that almost all of the glass coating present on tube blanks extruded

under industrial conditions came froir the pad placed in front of the billet [7]

and that the glass applied to the billet surfaice ("tray glass") was useful

mostly by its effect of asburing a more uliform coating at the trailing end of

extruded bars [8]. In the latter work, rather wide variations ir glass

viscosity had very little (4-10%) effect on extrusion pressure, even though

the glass film thickness was significantly greater with glasses of lowor

softening point. Similarly low variations in extrusion force with viscosity

were found by Vdovin et al. [9] in the extrusion of stainless steel, even

though a slight minimum was evident at a glass viscosity of 150 poises at the

extrusion temperature. However, best a. irface finish was obtained with

heavier glasses (up to 1000 poises).

There is also general agreement over the importance of die geometry.

The influence of die angle (Section 2.43) has been repeatedly confirmed. In

general, extrusion forces are lower with smaller die angles [8, 101 but too

low angles may lead to a nonuniform glass distribution and included angles of

120-1500 are usually regarded optimum [9]. When the billet nose angle is

smaller than the die angle, the wedge-shaped gap (Fig. 8.3) traps more

Fig. 8-3. Extrusion of a cylindrical billet with a conical leading face [31.
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lubricant and aids in supplying a continuous film [3]. This tended to over-

shadow the viscosity effects in the work of Rogers and Rowe [11] (Table 8.2).

A billet with a square nose should not be used with a conical entry die, be-

cause the lubricant pad is extruded first and the sharp billet nose is likely to

plow through any lubricant film that may renmain.

Speed of extrusion becomes very important because the time necessary

for the pradual softening (melting away) of the glass may not be availablc ?t

too high speeds (11]. On the other hand, too low speeds would allow exces-

sive cooling and, in extreme c..es, damage of the die and container by the

solidified glass.

8.22 Effect on Material Flow

The role of lubrication in material flow during hot extrusion has been

reviewed in detail by Chadwick [12] and by Pearson and Parkins (13]. All

techniques discussed in Section 5.4 have been utilized for studying deforma-

tion within the hot billet.

Genders [14] was apparently the first to make a systematic study of

metal flow in direct extrusion. He showed that the extrusion defect (annular

inclusions in the rear end of the extrusion) is due to chilling of the outer

TABLE 8.2

Extrusion Pressures and Coating Thicknesses
for Glasses of Different Viscosities [111

Extrusion Viscosity at
Pressure Average 9000 C under

Softening after 2.5 in. Coating Atmospheric
Glass Point, Ram Travel, Thickness, Pressure,

No. 0C kpsi A poises

1 660 128 36 25, 000

2 625 126 58 2,500

3 593 125 63 4,000

4 593 123 66 50

5 593 118 77 4,000.

6 630 118 102 25,000

Mild steel, 900 0 C, ram speed 2 ips, 150 0 C die
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surface of the hot billet; the outer skin then accumulates in front of the fol-

lower block and eventually forms the defect, resulting in rejects of as much

as 30% of the length of the extrusion. When a follower block of smaller

diameter than the container is used, the outer skin (skull) is left in the con-

tainer rather than extruded, but a second, cleaning stroke must be taken for

removing the skull.

The extrusion defect (piping) is due not only to chilling of the outer skin,

but also to the high interface friction between the billet and the container.

This is a matter of force balance whereby the center of the billet moves

faster toward the die than the rest of the material. Thus, improved lubri-

cation will minimize this defect, through both reduced cooling and redirced

friction.,

The importance of the heat-insulating role of a lubricant can be appreci-

ated by examining Fig. 8-4 where the rapid cooling of a hot, bare billet within

a few seconds is clearly seen. Apart from initiating the extrusion defect,

such uneven temperature distribution also causes nonuniform metal flow and

may result in severe internal stresses.

The profound influence of lubrication on metal flow is shown in Fig. 8. 5

for a hot steel billet extruded with glass and an aluminum billet extruded

without lubrication [15]. The effect of containcr wall friction (and cooling)

is apparent, in that the outer skin of the billet is dragged behind whiie the

tz3s t"63O
1200 C -0.400" c-0.400" 1200
I 90'ý 1190

_ 1000
1000-Vg

700 t,'6s 700

tv'0c.00.40

ta BILLET CONTACT TIME
C a DIFFERENCE iN DIAMETER

ETWEEN BILLET AND
CONTAINER LINER

Fig. •'4 Isothermal lines of a billet lying In a liner. iiwnr temperature-
2000 C. Container diameter: 5.5 in. 11).
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(a) (b)

Fig. 8.5. Deformation of the gi•:d after extrusion. (a) Metal flow with

glass lubrication; (b) without lubricatior [15].

central portions are extruded freely. The dead metal zone in another un-

lubricated billet is seen in Fig. 8.6.

High friction may lead to a number of undesirable effects. Chadwick [121

discussed s,)me of these in relation to the extrusion of brass rods and sec-

tions. In nonlubricated extrusion, a highly sheared zone exists, as shown in

Fig. 8.7 by AA'DB'B. When a lubricant of copper oxide scale is present on

the container wall, stress concentration at a point such as E is likely to

cause rupture; the lubricated surface of the billet then slides over the dead

metal zone, whereby the oxide scale or lubricant is drawn into the extruded

product. This mechanism produces subsurface inclusions and often causes

blistering of the product. Other studies on material flow ;n hot extr'sion

have been made by various authors [12, 16-32]. The effec; of jacket thickness

on flow during extrusion of aluminum is discussed by Moguchin [331 and

Panseri et al. [34].

Studies by Blazey et al. [25, 35] on the influence of lubrication on metal

flow in tube extrusion have led to similar conclusions. In 'ýe absence of

lubrication, marker pins originally driven in the surface (circumference) of

the billet deformed severely (dark areas on the left side of Fig. 8, 8) with no

appreciable movement between the billet walls and the container. When

lubricants were used for brass billets or an oxide film was present on copper

billets, metal flow was concentrated near the die entry; the pins on the walla

of the billet were extruded successively (the right of Fig. 8. 8). An interest-

ing conclusion Is that with good lubrication, surface imperfections on the

billet are likely to be extended and remahn as imperfections on the extruded
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Fig. 6.6. Macrograph of a billet of Ught alloy extruded without

lubricant (15j.

A
$ F

E
B

A / /

D

(a) (b)

FIg. 8.7. Flow in unlubricated extrueion. (a� Normal conditions;

(b) rupture of skIn caused by lubric*int (121.
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AA

Aa

DEAD- METAL
ZOýNE

Fig. 8.8. Metal flow in tube extrusion. (a) Unlubricated;

(b) lubricated [35].

product; In this sense, unlubricated extrusion is preferable. The deforma-

tion pattern in the residual skull (FIg. 8. 9) also indicates that, in the absence

of lubrication, the original skin remains, with some distortion, on the skull

surface whereas for the lubricatece Miet most of the skin is drawn in and

extruded through the die. Blazey et al. have also shown that the difference In

flow behavior between copper alloys and copper was due to the lubricating

effect of oxides. When copper billets wt.. prevented from scaling, their

deformation pattern was the same as that of brass, in agreement with the

general behavior of oxides as lubricants (Section 4.28).

In fully lubricated extrusion (such as is assured with glass on hot billets)

as well as in indirect extrusion, the juriace of the billet forms the surface

of the extruded product (Fig. 8. 10). The surface quality of the billet ir thus

important in obtaining an extruded product with good surface finish. (Fig.

8.10 gives an example of a rather low extrusion ratio and 1800 dies.)

8. 23 Surface Films in Hot Extrusion

The surface condition of the billet to be extruded is important because It

affects (a) the surface and overall quality of the extruded product, .nd (b) the

interface friction between billet and container which, in turn, influences

extrusion forces and power requirements. The physical and mechanical

properties of surface films, with or without superimposed lubricants, are

important in determining the thermal behavior of the billet-container system
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OUTER OUTER
WALL.o WALL

PIN I

P I N 2 "I
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PIN 3

PIN4"

PIN 5 PIN I

(a) (b)

Fig. 8.9. Sections through residual skull showing metal flow. (a) Un-

lubricated; (b) lubricated [351.

Fig. 8. 10. Metal flow in bar extrusion. (a) Lubricated;

(b) unlubricated [15, 32].

and the magnitude of friction at the Interfaces. The effect of surface condi-

tions on frictional behavior has been discussed with particular reference to

extrusion by Chadwick (121 and Sdjour'aet f 1]. A great variety of surfaces

obtained in hot extrusion have been described in References 36-41.

As pointed out in Section 8.22, a billet with inferior surface finish is

likely to yield an extruded product with inferior surface in fully lubricated

or in indli 2ct extrusion. On the other hand, In unlubriated direct extrusion,



8. HOT EXTRUSION LUBRICATION 563

the surface of the extrusion is likely to come from below the billet surface,

particularly when the die angle is large and a dead metal zone is formed;

surface quality of the extrusiol is thus iml.rove.

Metallic oxides, whether accidentally or purposely produced, are capeble

of reducing friction in metalworking operations (Section 4.28). We have seen

that at high temperatures the oxide of copper gives lower friction than that

of 70/30 brass. This is also evident In the direct extrusion of these mater-

ials at 800"C (Fig. 8. 11); the copper billet exhibit: a well-lubricated type of

flow [41]. Similar observations have also been made fnr magnesium [19, 211.

In some cases, such as in hot extrusion of titanium, the oxide layer on the

billet serves riot only to reduce friction, but also to reduce adhesion between

the billet and the die. This function is particularly important since titanium

has a sti.,g tendency to adhere to the die sur.•aces, causing rapid wear at

elevated tempL:atures. Willis [42] and also Male [421 drew attention to the

deliberate use of surface oxide films in extruding certain aluminum-nAagnesium

JI,

Fig. 8. 11. Macrostnicture of a billet of (a) copper and (b) of 70/30)

brass, partially extruded at 400'C [411.
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alloys. Willis claimed that a graphite-20% CdO mixture overcomes the short-

comings of graphite alone, such as its oxidation. Haverstraw [5&] investi-

gated the lubricating capabilities of various oxides and other compounds in a

simulating test (Fig. 5. 10e), but it appears that few of them can approach

the performance of phase-change or hydrodynamic lubricants.

It should be pointed out that some oxide layerr may be quite hard and

abrasive, causing excessive tool and die wear. Also, they may become

embhprded Ili the metal surface and cause de ects. In general, however,

oxides with low friction coefficients %re .iot abrasive. Scale-free billets are

destrable in lubricated exthusions for improving the quality of the product and

lowering cost [1]. Among the various heating methods available, salt baths,

using barium chloride or other salts, are rather expensive and not entirely

scale-free. Induction heating with a neutral atmosphere can provide prac-

ticaliy scale-free heating, aud the short heating times minimize scaling even

in air. Glass baths have proved to be quite economical but have not found

wide application; the glass used for heating is usually removed before the

application of lubricants. Heating in conventional furnaces followed by

descaling of the billet with high-pressure water is economical, but the

danger of scale pockets remaining on the surface exists.

Controlled atmosphere furnaces are more reliable. Glss (enamel)

coating of the billet before placing it in a conventional furnace is a practicable

method but only if the glass can maintain a continuous film. New develop-

ments in scale-free heating are in progress. Naden (39] has discussed the

relative advantages and disadvantages of various heating methods for billets.

It might be noted, however, that slight o..idation of the surface Is desirable

as it assists wetting by glass.

8.24 Friction and Forces in Hot Extrusion

By definition, the coefficient of friction is the ratio of the shear stress

to normal stress at the interface. It is well known that the pressures in

extrusion are quite high, whereas the shear stress at the interface cannot

exceed the yield shear stress of the workpiece material or of the lubricant.

Since the yield shear stress of metals is, according to the Information

available thus far, independent of the normal stress, it then follows that with

increasing pressures in extrusion the coefficient of friction will decrease

(a naluation corresponding to Fig. 2. 2, continuous lines).

I_
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A survey of the friction coefficients obtained in hot extrusion [32, 37,

43-46] indicates that the values reported are within a range of 0.015 to 0.2.

Variations are to be expected since a great number of parameters are in-

volved, such as billet, die and container materialS, lubricant, temperature,

speed, and die geometry. Some of the variation is, no doubt, also due to

errors and difficulties in measuring, calculating, and identifying properly

the friction coefficient (see Section 5.24); an additional problem is whether

-these values represent the conditions at the die or the container or both. The

low values obtained in hot extrusion can be explained by the high pressures

that cause the coefficient of friction to drop. It is thus important not to be

misled by such low values; they do not represent the actual situation cor-

rectly for, after all, hot extrusion is a rather severe process and interface

shear stresses must be high, unless a full-fluid film of lubrication is main-

tained. Undoubtedly, interface shear stress would much better describe the

situation; however, very few data are available in the open literature.

For practical purposes, it is of interest to know what extrusion f',rces

to expect. For a vcry rough approximation the extrusion constant K is often

acceptable (see also Section 2.43). Extrusion pressure is then

P = K n (Al/A 2 ) = K ln RE (8.1)

Forces calculated for low extrusion ratios RE are likely to be too low,

since this expression averages all friction and deformation effects.

Considerable data are available on forces and the extrusion constant for

conventional as well as refractory metals and superalloys. Depending on the

material, the lubricant, temperature, and other process variables, extrusion

constants as high as 160, 000 psi have been obtained. The maximum pressure

is usually set by the strength of the tooling (punch, container, and die) and

seldom exceeds 180, 000 psi. Most of the reported values lie between 60, 000

and 140, 000 psi [12, 13, 36-38, 40, 47-53J. The effect of lubrication on

this constant has rarely been studied. liaverstraw [36J showed that in ex-

trud .ng Mo-0.5% Ti at 1870 0 C and at an extrusion ratio of 10:1, the break-

through pressure ranged from 88, 000 to 151, 000 psi, depending on the lubri-

cant. For 4340 steel at 1150°C and a ratio of 40:1, the pressure ranged from

99, 000 to 156, 000 psi. Cherniv et al. [54) found that, depending on the

glass lubricant, extrusion pressures varied by up to 50% in extruding stain-

less steel at 1250'C. In contrast, the extrusion pressure changed by only
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20% in the work of Rogers and Rowe [8] even though the glasses used varied

widely in their composition; obviously, process conditions other than lubri-

cation are also important. In studies by Shaw, Boulger, and Lorng [16] the

total work done (inch-pounds) in hot extrusion of unalloyed titanium, 4340

steel, and 2014 aluminum was calculated from measured forces and tauilated

against the type of hibricant used (Figs. 8.12 and 8. 13). It will be noted that

forces were reduced with conical dies and that lubricating the die did not

affect forces appreciably. Furthermore, with conical dies the breakthrough

pressure was only slightly higher than the average extrusion pressure.

200
W 10.9:1 RATIO

S4.3:1 RAT;O.S160-.sio
0
0
0

0
Qf 120

I-

z

Lai so 7-

Y_ /0 80-

0

S40 -

0-
0A C 0

LUBRICANT

Fig. 8. 12. Work done during extrusion of unalloyed titanium at two

extrusion ratios, with four different lubricants. Extrusion temperature:

950&C. (A) Graphite in aluminum grease; (B) graphite and molybdenum

disulfide in heavy oil; (C) graphite and mica in calcium grease; (D) molyb-

denum disulfide and mica in calcium grease [161.
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TEMPERATURE OF BILLET, 4406 C
120 TEMPERATURE OF TOOLS, 427 C

EXTRUSION RATIO, 18.2 1

'100

SFLATEN D IE, LUBE 150 ON BIETS

- C-ONICAL DIE-, LUBE 150ON BILLETS
•40 '- •CNICAL DIE

20

0
0 I 2 3 4 5 6 7

RAM TRAVEL, in

Fig. 8.13. Extrusion pressures for several methods of extruding 2014

aluminum alloy in a 3.2 in. diameter container. Billet diameter: 3 in.;

Lube 150 is tetrafluoroethylene resin. Billet treatment for dashed curve:

etching in hot 10% sodium hydrochloride for 4 min, rinsing, dipping in hot

aqueous suspension of colloidal graphite. Flake graphite in oil applied to

container and d.e [161.

To separate the force at the extrusion die from the total extrusion force,

others (10, 401 have used the measurement system described in Section 5.24

where the die support was modified to serve as a load cell equipped with

strain gages. In experiments [10] conducted with OFHC copper at 425°C

(unlubricated and lubricated with graphite grease) and 1018 steel at 980 C

(unlubricated and lubricated with Corning 0010 glass), it was observed that

lubrication ,educed the container friction forces much more than it did the

deiormation force on the die. The calculated friction coefficient between the

billet and the container was about 0. 1 for copper unlubricated and about 0. 036

for the lubricated condition. The value 0. 1 is too low for unlubricated fiow;

however, the calculated shear stress at the billet-container interface was the

same as the shear strength of the copper billet, indicating sticking. This

example further amplifies the importance of using a shear stress value rather

than a coefficient of friction for describing the nature of the interface between

the die and workpiece in metalworking operations such as extrusion. The
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dependence of deformation pressure on the extrusion ratio is shown in Figure

8. 14 where a linear relationship is obtvinedl between pressure and the natural

logarithm of the extrusior ratb, I. e., true strain. In agreement with the-

oretical considerations, tie intercept with the ordinate is not at the origin

(see Section 2.43).
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Fig. 8.14. Extrusion pressure au a function of natural strain for a die

half-angle of 450 [101.
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8.3 LUBRICANT TYPES

The general characteristics of the major lubricating elements in regard

to hLt extrusion are discussed below.

8.31 Graphite

The properties of graphite are discussed in Section 4.24. Partly because

of its l&mellar structure, it is an effective lubricant when bonded properly to

the surface. It does not, however, interact significantly with metal surfaces

and affect boundary lubrication. Bonding to the surface may be achieved with

resins, or by mechanical interlocking such as by rubbing. In most instances,

however, graphite is most conveniently applied in a carrier, the most common

ones being oil, grease, or water. Upon application on a hot surface, the

carrier usually burns off or the water evaporates, leaving a coating of graph-

ite on the surface. Oil-graphite lubricants usually contain up to 35% graphite.

The lubricant is applied to the die and the container either by spraying or

swabbing.

In spite of the extensive use of glass (see below) there are instances

where it is worthwhile to use graphite lubrication in hot extrusion [39, 42].

In tube extrusion, lubrication of the mandrel by graphite has also been sug-

gested. Contact time at temperature is important to avoid excessive

oxidation.

It is essential that the graphite be of high purity. High ash content and

other abrasive impurities impair its lubricating characteristics. The ease

with which graphite is bonded to a surface depends on the dimensions of the

individual particles. Fine particles not only ease suspension in a carrier,

but also allow thin films to be formed when fine graphite is rubbed vigorously

on the metal surface [55]. Smith [56] points out that the adhesion of small

quantities of solid lubricant, such as graphite, to metal may be beneficial

in subsequent plating or coating operations by assuring better wetting with

paint.

"The folk.wing main advantages of colloidal graphite in extrusion of tubes

and sections in aluminum, copper, brass, and other alloys have been listed

by various authors: it reduces friction, improve3 the surface finish of the

extruded metal, prevents metal-to-metal contact, and eliminates pickup.

It is unaffected by elevated temperatures at which lubricating oil" carbonize,

although it will oxidize if the temperature is sufficiently high.
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These claims, however, have to be modified for many applications.

Metal pickup is prevented only when a thin but fully continuous film can be

maintained. Carbon pickup occurs (perhaps forming chromium carbides)

when graphite is used in extruding stainless steels. The carburized layer has

to be removed either mechanically or by pickling. On some metals, such as

aluminum, the use of graphite can cause localized galvanic corrosion [421.

8.32 Molybdenum Disulfide

This material Las a lamellar structure similar to graphite, and has found

application for specific extrusion tasks. With iron it forms iron sulfide,

which may be undesirable. Also, it would not be suitable for use with stain-

less steels or high-nickel alloys, because of the danger of inducing hot

shortness through the formation of a low-melting sulfide eutectic at the grain

boundaries.

8.33 Other Lubricants

A number of lubricants that act through a variety of mechanisms have

been experimented with.

Thermoplastic resins, such as acrylics, and thermosetting resins such

as phenol formaldehyde polymers have also been identified as promising

lubricants for hot extrusion (571. These resins decompose at elevated tem-

peratures, leaving carbonaceous products. It appears that it is the decom-

position products that contribute to improved lubrication. Other promising

mncterials are epoxies, polyimides, and polybenzimidazole. This is a rapidly

developing field but still in the experimental stage. At this time, no single

composition has found as wide application as graphite or glass, but some may

finally prove practically useful, especially when mixed with graphite, MoS2,

or other solid lubricants. Thus, Roux [581 described a patented dry lubrica-

tion system for hot extrusion and other operations. The lubricant is essen-

tially composed of an organic substance that is porous, nonabrasive, and a

thermal insulator, mixed with lamellar graphite and other "appropriate"

substances. It is claimed that it can be used on all metals, leaves no residue,

and provides good dimensional tolerances.

Infusible solids such as lime; and slate assured adequate lubrication in

the work of Rogers and Rowe [11], provided that they were in the form of a

it
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friable pad, properly trapped in the die. Lubrication by these substances

was attributed to controlled wear of the pad.

In an extensive program aimed at developing new lubricant for the hot

extrusion of aerospace alloys, the following materials have been found to be

promising: metal phosphates, borates, chlorides, fluorides, sulfates, and

organic resins (melamines and acrylics) containing inorganic solids T36, 59].

Some of these materials are relatively expensive, and a direct comparison

with glass lubricants was not available.

Another new type of lubricant (composition not disclosed except that it

contains ferric oxide crystals) was developed for the hot extrusion of carbon
and alloy steel bars and tubes between 11000 and 12500 C. A number of claims

have been made regarding the properties and behavior of this lubricant, and

its adaptability to various extruF'on conditions [60].

Occasionally, nonglassy substances that melt at a controlled rate have
been used. Common salt (NaCl) melts at about 800 0 C and was found useful

at temperatures of 900-11000C [1, 11, 61]. Lithium fluoride behaves in a

similar mainer, and both may be used at higher temperatures if 10-20%

solid lubricant such as slate is added (11]; these lubricate when too rapid

melting of the salt would cause film breaklown. Barium chloride has also

found some limited application [62]. Experiments with salt baLhs as lubri-

cants have been reported for small-scale hot extrusion of steel [16].

8.34 Glasses

The successful use of glass in hot extrusion has led to the appearance of

extensive literature.

Historical Development

S~journet [32, 63, 64] gives a brief history of the development of glass-

type lubricants for hot extrusion, which started with efforts at the beginning

of World War II to extrude steel. The lubrication practices that were suc-

cessful for nonferrous alloys soon proved to be quite inadequate for steels.

Experimental studies indicated that a lubricant that was liquid at the extrusion

temperature was ejected through the die at the beginning of the operation.

Lubricants, such as talc, which were solid at the extrusion temperature,

acted as thermal insulators but incrt ased die wear by abrasion. It was then
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concluded that the lubricant should become viscous at the operating tempera-

ture, so that gradual melting away should provide a continuous thin film. The

idea of using glass and glass-like materials then occurred to S6journet and
his co-worker, Labataille. The first experiments were conducted in Parib

in 1942; the use of glass on a commercial basis began about 1950 [65]. Over

the years, the glass lubrication technique was further developed and per-

fected, whereby it is now standard practice for the hot extrusion of steels

and many other materials, although for short lengths of steel graphite Is

often used.

Advantages and Drawbacks

There are certain advantages in using glass lubrication. At high tem-

peratures glass is one of the best thermal insulators; thus it protects the

container and particularly the die from excessive heat buildup and prolongs

die life. It can be easily applied to the billet after the latter comes out of

the furnace. It also protects the workpiece from oxidation during handling

amd processing. By varying the composition of the glass, it can be used over

a wide range of temperatures. With use of a glass pad, it may be kept feed-

ing through the die, allowing long extrusions to be made. Glass is stable at

the high extrusion temperatures, and it does not react excessively with steel

during the time normally required for hot working operations.

Glass lubrication is standard practice for the extrusion of alloy steels

and stainless steels, and for those shapes of carbon or mild steels which

cannot be economically hot rolled.

Glass, for all its benefits, has also some drawbacks. The most obvious

is that, compared with conventional lubricants, it is quite expensive to re-

move from the extruded product. Furthermore, the disposal of the materials

used for removal (such as sodium hydride and hydrofluoric acid) is particu-

larly difficult. This latter aspect might be more of a deterrent in the con-

sideration of glass as a lubricant than the cost of removal. Since glass

lubricates by maintaining a thick film on the surface, the surface finish of the

extruded product is not likely to be better than that of the billet although this

is true to some extent for all efficient lubricants (Section 8.22). The billets

must lie, practicalty speaking, free from scale; otherwise the extrusion will

have much puorer surfaces than if another lubricant (e.g., graphite) had beeh

used. Any possible reaction of glass with motal surfaces must ulso be taker

into account.

L : ::I : :I $ I : • II :•I . .-
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Glass has been repeatedly compared with graphite as a lubricant in ex- j

truding steel tubes [39, 66, 67], and the following additional advantages have

been pointed out: The good heat insulation of glass helps to avoid transverse

breaks on tubes; thinner and smaller-diameter tubs a can be made (i.e.,

greater extrusion ratios are possible); no carbon pickup occurs; and the ex-

trusion of long steel sections and hollow shapes with comparatively sharp

corners becomes practicable on a production basis.

Desirable Properties of Glass as a Lubricant

The properties of glass that are reported to be important in its Aunction

as a lubricant are: thermal conductivity, specific heat, viscosity-

temperature curve, coefficient of linear expansion, surface tension, and

rmtctivity with metals and alloys.

If glass is supplied to the extruded surface by gradual melting, then the

basic property indicating the rate of heating of the lubricant is thermal

diffusivity, which is given by.

cp

where A is the thermal conductivity of glaýs, c is the specific heat and p is

the density [15, 32, 68]. A low value of K would be desirable; it appears,

however, that the value of K does not vary greatly with different glass com-

positions [63]. Radiation adsorption is also important [11;.

As for the viscosity-temperature curve, a low slope should assure

optimum melt-away performance. An overall range of 102 to 103 poises

viscosity at the billet temperature is usually suggested for steel. For ex-

trusion of light alloys, a viscosity range of 103 to 104 poises has been recom-

mended for a temperature range of 350°C to 500 0C. In very general terms,

glasses softening at approximately two-thirds of the billet temperature have

been recommended [111; softening is taken as a viscosity of 10 7.6 poises. A

simple indentation test has been suggested by Rogers and Rowe (81 for asses-

sing the rate of softening and surface interactions. A large difference in the

coefficients of linear expansion between the billet material and the gla.s

enables easier removal of glass by methods slich as quenching. It has been

suggested that glass lubricants should have a linear expansion coefficient of

6 to 100 x 10-7 /C [68], although i. appe'rs that this range covers practically

all glasses. Since thermal expansion is typically around 9 to 20 x 10- 6/OC

for metals, a wide possibility )f mismatching exists.



574 SEROPE IALPAKJIAN

Surface tension is important in that the glass lubricant should be able to

wet the billet surfa.ce uniformly for thorough lubrication. Wetting character-

istics can be Improvwd by 1-2% oxidizing additions [69]. Reactivity is an

imfortant consideration, especially if rapid corrosion or contamination of

workplece or die materials results. Reactivity test results with some glasses

are given by Haverstraw [59). Glasses containing lead, for instance, should

not be used for alloys containing nickel [70]; fortunately, most of thebe

glasses have too low a softening pohit for nickel. Because of its toxicity and

also to avoid the pollution of pickling waters [71], lead content is limited in

some countries to below 5%, or even to zero. In forming aluminum and mag-

nesium alloys, the use of lead glass would contaminate the scrap and intro-

duce lead in these alloys upon remelting [121; fortunately, commercially

available lead glasses have too high a softening point for these alloys.

In the extrusion of metals for nuclear reactor applications, glass lubri-

cants should be free from elements having a high neutron cross-sectic.A, such

as boron [72]. This makes selection of a suitable glass for these applications

difficvlt, because most of the suitable ones do indeed contain boron.

Compositions

No one glass can be used with all metals, because of factors such as

widely differing extrusion temperatures, thermal expansion, wetting charac-

teristics, and the nature of the oxide scale formed on the metzl surface and

its affinity to dissolve in the glass. The glasses used range from a simple

boron oxide to the soda-lime silicate, borosilicate, and pnosphate types.

Viscosity requirements have not been clearly established. Viscosity-

temperature curves of glasses have generally been measured oniy at atmos-

pheric pressure, a condition that does not truly simulate extrusion conditions.

However, recent work on two glasses at high temperatures has indicated thi't,

up to a pressure of 180, 000 psi, pressure has no appreciable effect on vis-

cosity (731.

While pure glasses generally exhibit Newtonian flow behavior, the addi-

tion of a solid dispersed phase changes this behavior so that viscosity is

dependent on shear rate. Another factor wLich could be important in changing

the behavior of .th3 glass lubricant is the effect of oxide scale from the biliet

or die. Solubility or rate of reaction between the two could affect the wett-

ability and viscosity behavior of tiWe glass. If the rate of solution is slower

than the rate of oxide formatior., a solid phase will exist in the glass, changing

L
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it to a non-Newtonian lubricant. This could be further complicated by the

high pressares resolting from extrusion. Also, oxides dissolved in glass

could possibly affect its removal properties [74].

A further consideration for glass as a lubricant is the fact that, depend-

ing on the composition, glass begins to devitrify or crystallize within a

certain temperature range [75]. Thus, if glass is to retain its vitreous

nature it should not be held w.thin this temperature range for any length of

time. However, it is only important that glasses should remain vitreous

during extrusion; after extrusion devitrification of glass could consider-tbly

aid in its removal.

A great variety of glass lubricant compositions have been developed for

use with various billet materials and extrusion temperatures [43, 76]. Since

the viscosity-temperature characteristics of glasses as lubricants are very

important, considerable work also has been carried out to develop composi-

tions for optimum performance and for use within specific ranges of tempera-

ture. Mary patents have been issued on compositions and use of glass and

other materials for high-temperature lubrication.

In mxany hot extrusiou applications, ordinary window glass may be

used [321, and compositions suitable for more special purposes are available

among the commercial glasses. Table 4.6 gives ihe basic composition of

some glasses suggested for various extrusion temperatures [40]. According

to Seournet [1], silicate• are suitable for temperatures above 1100'C; for

intermediate temperatures the mixtures are predominantly borates, and for

low temperatures they are predomtinantly phosphates. Natural silicates such

as basalt have also been used for the extrusion of nickel-base superalloys [62].

A great variety of glass compositions have been used !n hot extrusion by

a number of individ&al resea.rch workers. WhIle approximate compositions

are fre:ruently given, they are seldom sufficient to characterize the glass

since minor constituents, usually chassifieti as "other oxides, " could play

an important part in lubricating performance. In view of the diversity of

available information, various studies are summarlzed below.

(a) In the extrusion of steels and high strength alloys, varying degrees

of success have been repcrted using different glasses. Plain soda-lime glass

has only lindt•d application mostly for steel; for very hard alloys, such as

nickel-base suprridloys, glasses containing small quantities of boron oxide
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combined with other oxides were found to be suitable [70]. A number of glass

compositions for various applications are also given In References 69, 77,

and 78.

(b) Extensive studies on the hot extrusion of refractory alloys using

glass lubricants have been carried out [37, 38, 47]. In this work, the glass

is applied to the billet prior to heating; the method of preparation is given in

Table 8.3. The recei -aied viscosity range is between 100 and 500 poises

at the desired extrusion temperature.

(c) A lubricant based on a mixture of ?l kali tetraborate in a

K20-Na 2O-P 20 5 base Is available under the name of Phosphatherm and, being

water soluble, is readily applied to the surface of the material. It is claimed

that at the temperature of deformation the surface of the metal is transformed

into a phosphate, which provides a firm key for the superimposed glass-like i
layer, the viscosity of which drops less rapidly than in regular glasses [79, 80].

TABLE 8.3

Preparing Glass Lubricants [40]

Spray Mixtures

1. Dry mix 200 ml of -100 mesh glass (all glasses except 7900, -325 mesh)
with 1/4 to 1/2 ml of sodium alginate.

2. Add glass and alginate to 150 ml of distilled water (16 to 32 0 C); mix
slowly and thoroughly.

3. Spray Immediately after preparation before glass settles from the
suspension.

Brush Mixtures

1. Heat 375 ml of distilled water in a beaker to 38 0 C.

2. Add I g of Carbopol 934 to heated water and mix thoroughly.

3. Add NaOH solution (7 to 12 pellets or 1 - NaOH in 59 ml of distilled water)
to Carbopol 934 solution to neutralize to pH 7.

4. Add 400 to 700 ml of -100 mesh glass to neutralized solution and mix
thoroughly with electric mixer.

5. This mixture may be stored.
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(d) Instead of using glass alone as an extrusion lubricant, a number of

glass-solid lubricant mixtures have also been developed. These consist of

a particulate solid lubricant material dispersed In a glass having a wide

viscosity range at the extrusion temperature. Solid lubricants including

graphite, molybdenum dii'ulfide (which decomposes at extrusion temperature),

and boron nitride have been dispersed in soda-lime silicate or sodium boro-

silicate glass for the extrusion of titanium alloys. The best results were

reported with mixtures containing 10% or less of the solid lubricants [81].

The improvement with solid lubricant additions may be due to by-prooucts;

thus, additions of graphite to glass produce carbon monoxide forming a glass

foam. It is also possible that the solid lubricant provides boundary lubrica-

tion in the event of excessive thinning or breakdown of the liquid film.

(e) For extruding refractory alloys above 16500C, a glass cloth impreg-

nated with tungsten disulfide in an epoxy or similar carrier has been sug-

gested [821. The cloth is coated with a slurry of carrier and tungsten disul-

fide and is cured at about 1200C for about 10 min.

(f) Recent developments in glass lubrication include the concept of using

different glasses to establish viscosity gradients between the die/container

and the surface of the hot billet. A patent [83] proposes several layers of

different viscosity glasses to control melting of the glass lubricant. It would

appear, however, that this would be very difficult to achieve in practice with-

out mixing the different glasses. Another patent [84] describes the coating

of a steel body with a slurry of softer glass powder followed by the applica-

tion of an outer wrapping of a cloth of harder glass, such as a high-silica

glass.

For the extrusion of hollow articles, S6journet et al. [85]described a

method of coating tha bore of a heated hollow billet with two different glassev

along the length of the bore. The glass of higher viscosity (8U% S1029 12.5%

B20 3, 2% A1 20 3 , 3. 3% Na20, and 1.4% K20) is applied to the rear of the

bore, and the low-viscosity glass (71.5% S102, 1.5% A1 203, 14% Na2 0, aid

13% CaO) is applied to the front. However, Rowe claims that no success,

either experimentally or industrially, has been obtained with this tech-

nique (621.

LI
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Methods of Application and Operation

There are various methods of applying glass in hot extrusion, and each

method has a profound effect on the lubricating mechanism and on lubricant

performance. The techniques Include the following: (a) The cold billet is

precoated by spraying or swabbing the surface with a suspension of the

glass lubricant. (b) The hot billet is rolled on a table that is covered with a

powdered or a fiber glass which then adheres to the surface of the billet.

Although this is a common and practical method of applying glass, it does not

always provide uniform coating on the billet. (c),A pad of glass is placed be-

tween the die and the billet to provide a reservoir of liquid glass, as shown

in Fig. 8.2. The thickness of the glass disk is usually 1/4 to 1/2 in. The

pad is used in conjunction with (b) above. (d) In extruding tubes, either the

mandrel is covered with a woven glass sock (expensive) or the hollow billet

is sprayed with a glass lubricant (which can also be deposited with a scoop).

Cast glasses (now obsolete) were originally used as pads for extrusion

dies and as tubes for mandrel lubrication [651. These, however, cracked ou

sudden contact with the hot billet. Eventually, mixtures of glass powders were

introduced in various forms such as multicellular glasses, glass pad or

powders, wool, fibers, and cloth. The strength of the pad is important to

avoid fracture; appropriate strength can be achieved by using a binder of

sodium silicate or bentonite clay. Powdered glass bonded with a solution of

sodium silicate and preformed into molded glass lubricant sleeves has been

described in a patent [861 for steel extrusion but does not appear to be used

extensively.

The relative advantages of various glass forms are discussed by

Sejournet and Delcroix [631. Only glass pad or powder is in general use,

and is readily available. Particle size is important; very fine size is -,ot

desirable-a 100 mesh size is the most suitable. Glass made into pads

should normally have a higher softening point than the powder over which the

billet is rolled [8]. Foam glass is not readily available in different compo-

sitions, and it tends to collapse during the initial stages of pressure applica-

tion, making lubrication uncontrolled. In a study of f3am glasses for the

hot extrusion of steel (871, commercially available foams were found to have

too high a viscosity, containing typically 70% S!O2 and 15-18% Na 20. Also,

the graphite that is ueed as a foaming agent impairs the wetting of the metal

by the glass. I: is pointed out that foam glass can be more effectively used

as a carrier for glass powder.
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Removal of Glass

A major criticism of glass lubrication has been the difficulty of removing

the glass after the operation has been completed. To remove the strongly

adherent glass coating, quenching in water is a normal practice, followed by

pickling the product in a solution of hydrofluoric acid of 5-10% concentration

or in sodium hydride. Mechanical methods such as shot blasting, vapor

blasting, or reeling are also effective.

Because the removal of glass is an important problem, techniques have

been developed to reduce the thiclmess of the coating to 1 0- 3 0 1A. Thin coat-

ings are, however, somewhat unreliable; a more dependable thickness range is

30-100 1 [62]. The thickness of glass depends on factors such as extrusion

speed, die profile, and dwell time in the container. Suitable additions (such

as carbonaceous materials) to the glass pad produce extensive foaming at the

die exit, which disposes of most of the glass on the extruded billet. Potas-

sium palmitate, in additions of up to 20% by weight, was found to promote

sufficient foaming with various glasses without affecting the extrusion pres-

sure [11].

8.35 Canned Extrusion

Canning or jacketing is practiced to: (a) reduce friction and adhesion

between the billet and the die and container, (b) to protect the billet from

atmospheric or lubricant contamination during heating, extrusion and cool-

ing, (c) to prevent contamination in the extrusion of reactive or toxic mater-

ials.

The typical canning technique is rather simple (Fig. 8. 15). The space

between the billet and the can is sometimes evacuated through a tube which

is then crimped and welded, as shown in the example of the rather complex

canning developed for extruding tungsten tubes (Fig. 8. 16). In canned extru-

sion it is important that the metal flow be smooth and streamlined in order to

reduce defects in the product. This can be achieved by fitting a truncated

cone nose to the can-billet composite, matched to the extrusion die with an

included angle of about 90-120g.

Canning a billet with a lower strength material reduces the interface

shear stress and uiereby the extrusion forces. Unci'el [881 showed that

pressures could be reduced by about 35% in extruding a high-strength
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Fig. 8.15. Typical canning technique in extrusion.

MOLYBDENUM TUNGSTEN SLEEVE LOW-CARBONI STEEL ENV PLUG;

zz / I
CRIMPED AND

t EVACUIATIOTB

S~WELD

LOW- CARBON STEEL CAN

Fig. 8.16. Composite billet for extruding tungsten tubes at 12100C

[131].

Al-Cu-Mg alloy canned in pure aluminum. In this way extrusion defects are
also eliminated and the metal flow is very smooth. However, the can mater-
ial must not be too soft.

Moguchln [891 found that the canning materials with at least 1/2 to 1/3 of
the strength of the billet material gave satisfactoay results; softer cans flow
unevenly and cause periodic thinning of the extruded product.

Chemical characteristics are also important in that little or no reaction
should take place between the billet and can materials; in particular, the
formation of eutectics or brittle consLituents and contamination of the billet

material should be avoided. Sometimes it is found advantageous to place a
thin sheet cf diffusion barrier between l;he billet and can materials.
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If the strength ratios permit, cans are usually made of low-carbon steel

or copper tubing, although unalloyed molybdenum has found application for

high-temperature extrusion of refractory metal alloys. Billets can also be

clad by a variety of depositing techniques, including electrolytic, thermal,
and thermochemical [90] methods; examples will be found in Sections 8.5 and

8. 9. Methods assuring good adherence of the can to the billet give better per-

formance, more uniform flow; for example, electrodeposited copper was

found successful where a loose can of copper failed [91].

One problem with canning is the rough surface that the extruded billet

acquires. It is suggested that very coarse-grained castings should be grain-

refined first by forging or bare extrusion [53]. After extrusion the can is

removed by machining, peeling, or by pickling; the latter is preferred.

Canned extrusion is also used extensively for powder metals giving

extruded products of high density and good physical properties [53]. The

special applications of canning are given in References 33, 52, and 72.

8.36 Cladding

Cladding, a term sometimes used also for canning, is essentially a co-

extrusion process where the clad material, unlike canning, is not removed

after extrusion. It is used in applications such as fuel elements for reactors,

conductors for the electrical industry, and heat exchangers for the chemical

industry. Thus the purpose of cladding may be mechanical, electrical, or

chemical; in all instances, a metallurgical bond is usually required. Ex-

amples of cladding are uranium dioxide pellets extruded in stainless steel

or zirconium alloy cans, copper-clad stainless steel and uranium clad with

aluminum or magnesium-base alloy. Stainless steel clad with mild steel,
and composite stainless steel-mild steel tubes have also been extruded.

8.4 LUBRICANTS FOR FERROUS MATERIALS

Among the great variety of lubricants discussed earlier, only glasses

and mixtures containing graphite appear to have found their way into produc-

tion practice in steel extrusion. As far as lan be ascertained, glass is in

general use, following developments by S6journet, for the extrusion of steel

and stainless steel tubes, bars, and sections in longer lengths. Dies are

of 18!)o included angle; smaller angles are mostly restricted to experimental

work. The reasons for this appear to be economic. Dies with included
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angles less than 1800 would require billets with truncated nose. Such billets

have to be specially machined and the material left in the container would be

of greater volume, thus making the process rather uneconomical. On the

other hand, the extrusion process is improved with the use of conical dies

and, if a deformable (graphite) follower block is fully extruded, end losses

are minimal.

When extruding through "square" (1800 included angle) dies, a glass pad

is invariably used, in conjunction with a glass coat applied to the billet after

heating. With conical entry dies (included angle usually 900-120o), the glass

or other lubricant is often preapplied to stainless steel billet surfaces. Con-

tainer liners, dies, and tube mandrels are made of conventional hot-working

die steels and are usually heated to the range 260 0-430 0 C. In choosing die

materials, the primary consideration is heat resistance and long life; oc-

casionally,the working surface of the die is rough machined and then coated

by a plasma or other deposition technique with a zirconia or alumina coating

of approximately 0. 010 to 0. 040 in. thickness. The purpose of this coating is

primarily that of reducing heat transfer, and little consideration seems to be

given to Influencing the lubricating mechanism by a selection of an optimum

die-lubricant-workpiect system.

Graphite-bearing compounds are often used in the extrusion of shorter

lengths. The primary purpose of the lubricant is then that of reducing fric-

tion; heat transfer is rapid but is counterbalanced by short contact times

resulting from fast work strokes. Die angles of less than 1800 are commonly

preferred for reducing extrusion forces. Die and container materials are

again of the conventional hot-working die steel type.

Extrusion prasses operate at fairly high speeds (typically, 300-1200 ipm)

to limit cooling. Extensive literature is available on steel extrusion, some of

the more informative articles may be found in References 32, 54, 60, 63,

65, 66, 92, 93. Precipitation-hardenable stainless steels are extruded with

procedures similar to those developed for steel (941.

A number of experimental studies have been carried out on 4340 steel to

determine optimum lubrication practices. The first systematic study is due

to Show, Boulger, and Lorig (161 who measured forces in extruding I in.

diameter billets at 1180 0 C with an extrusion ratio of 4:1 and an Included die

angle of 130. All lubricants containing graphite, with or without additional
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solid materials, gave fairly uniform extrusion pressures. Very high pres-

sures were developed when MoS2 was used alone in a calcium grease, prob-

ably because it decomposes at these high temperatures. Extrusion pressures

were not reduced by additions of boron nitride, vermiculite, and talc to a

conventional lubricant. A number of glasses were trieL., but pressures were

higher than with grease-type lubricants containing graphite. This should not

be taken as a generalized conclusion, because the billets were abnormally

small compared to those used for the production of long lengths.

In another study [36] results irom extrusion trials at 980'C indicated

that a mixture of magnesium metaborate and graphite, applied prior to

extrusion in an aqueous slurry, promoted relatively low extrusion pressures,

close dimensions, and good surface finish.

Preliminary evaluation of rather limited data on the extrusion of short

lengths indicated that glass lubricants may be unnecessary when the liner is

coated with a graduated alumina-nickel-ceramic [95]; the practicability of

such a solution remains to be proven.

Proprietary glasses have been found useful for extruding structural

shapes of this steel [96] under the following conditions: Billet temperature

of 12600 C, fast billet transfer, Al 0 -coated steel dies, and a ram speed of
2 3

8-15 ips. It would appear, however, that the alumina coating will wear off

rapidly, and provisions for rapid and low-cost recoating would have to be

made.

8.5 LUBRICANTS FOR LIGHT METALS

8.51 Aluminum and Its Alloys

For best surface finish and freedom from defects, aluminum and its

alloys are usually extruded without any lubricant.

Some references have, however, been found on the use of graphite-base

lubricants. A spray consisting of colloidial graphite and caustic soda has

been found suitable for the lubrication of the die land [97). The caustic soda

dissolves any aluminum rentaining in the die from the previous extrusion,

while the graphite serves to lubricate the next extrusion. In practice such

local lubrication is usually frowned upon because uneven material flow may

cause subsurface defects (lamination).
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In small-scale laboratory tests on extruding 2014 aluminum alloy at

4400 C, lubricants reduced forces considerably [16] (Fig. 8.13). Tetrafluor-

oethylene resin was applied to the billet only, while an organic grease con-

taining "extra-fine" flake graphite was applied to the die and the container.

As would be expected, conical dies produced a more uniform macrostructure

and appeared to minimize grain growth. In larger scale experiments with 3

in. diameter billets, tetrafluoroethylene resin primer was applied to the

billet to serve as a lubricant [16, 98]. The surface of the extrusion was not

bright, in contrast to that obtained with flat-faced dies and no lubrication.

It should be noted that lubricated extrusion with flat-faced dies usually leada

to extensive subsurface defects, by a mechanism similar to that discussed

in conjunction with Fig. 8. 7.

Various materials were tested as lubricants for the extrusion of

aluminum cable sheath [99]. A polymerized oil coating was the most effec-

tive in reducing adhesion of aluminum. The coating was produced by dipping

the parts in high-temperature motor oil. On heating to about 350 0 C by a

radiant heater, a partly polymerized, partly carbonized hydrocarbon was

produced which was very adherent and hard and had a black glossy finish.

8.52 Magnesium and Its Alloys

The powdary oxide formed on magnesium alloys possesses lubrrA'ting

properties, as shown by metal flow studies. Flow is of the well-lubricated

type [19, 21] similar to that of copper at 800°C [41].

In the experimental extrusion of AZ80A magnesium alloy [98] the appli-

cation of tetrafluoroethylene resin primers to the billets reduced extrusion

pressures markedly. Surface cracking observed with flat-faced dies was

reduced by conical dies; the latter also permitted higher extrusion speeds.

8.53 Beryllium

Commercially pure beryllium can be extruded within a temperature

range of 4000 to 1100QC. Bare extrusion is safe only below 750 0C. In the

temperature range of 400'-650'C, MoS 2 may be used as a lubricant, otlthough

it shows no significant advantage over graphite [100, 101]. The products of

this "warm extrusion" are of good quality and high dimensional accuracy.

Also, small-diameter thin tubing was readily warm extruded between 4300

and 540 .C with colloidal graphite and MoS 2 lubricant [1011. Electrodeposited

L= ~,.
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or spray-deposited silver has proved useful as a lubricant in the warm extru-

sion of hot-pressed or pre-extruded beryllium bars [72]. The silver can be

removed by dissolution in nitric acid.

Glass lubrication has not been successful in the hot extrusion (above

7500C) of bare beryllium [101, 1021. The main reason is that, in the event

of lubricant breakdown, the contact of beryllium with the die causes rapid

wear. Frit and salt lubrication also failed because of the difficulty of removal

and poor surface quality of the extruded product.

The most common method for hot extrusion is canning in mild steel [102-

104]. This serves to minimize oxidation of the billet and health hazards due

to loose beryllium and oxide dust, in addition to reducing die wear. For

further reduction of friction, the steel jacket may be coated with an 0.020-

0. 030 in. thick copper film by clectrodeposition [105]. A lubricant between

the copper coating and the container is also used. One lubricant mentioned

is a mica-base compound, but special lubricants containing asbestos have

also been suggested [102].

Beryllium powder has been extruded encased in steel jackets (1061.

Tools and liner were lubricated with bentonite-base grease with graphite in

suspension.

In using steel cans the upper limit of temperature is 1065 C, beyond

which alloying occurs between the steel and beryllium [72]. Although not

reported, glass would appear to be a practicable lubricant for the extrusion

of longer lengths.

8.6 LUBRICANTS FOR COPPER AND BRASS

In general, copper and its alloys are extruded dry or with a lubricant

consisting of graphite-oil or graphite-grease mixtures. Classes are

occasionally used, as have been graphited grease (10], resin-bonded graphite,

and barium chloride [621. (See also Section 8.24 and Fig. 8.14.)

8.7 LUBRICANTS FOR TITANIUM AND ITS ALLOYS

LubricaLion is particularly important in the hot extrusion of titanium

because of its severe galling characteristics which can result in excessive

die wear and loss of dimensional control of the extruded product. To protect

the highly reactive titanium billet surfaces from atmospheric contamination,

heating must be done with special care, preferably in an inert atmosphere
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or in vacuum; otherwise, a protective coating of a glassy type must be applied

prior to heating.

The two basic types of lubricants used in the hot extrusion of titanium

alloys are grease and glasses. Solid adettives such as graphite, MoS2 , talc,
mica, soapstone, and asphalt are incorporated inla the greases. To provide

adequate lubrication, it has been suggested that solids in grzases be about
50% by weight.

Glasses are also used by most extruders of titanium, the technique

being similar to that of extruding steel [107, 108], although different glasses

are needed since extrusion temperatures are usually lower. Molten salts

(LiF and NaCl) gave reasonable results in experimental work [il].

Copper jacketing (canning) of titanium is also practiued, copper being a

suitable material because of its good ductility particularly at the-temperature

of titanium extrusion. A thin layer of steel is used between the billet and the

copper can to avoid contamination. The lubricants used in this case have

been grease and graphite mixtures [1091. This process is suitable for ex-

truding long lengths of uniform quality.

A number of publications deal with experimental lubricants and lubrica-

tion methods. In extruding unalloyed titanium heated to 9050 C in an argon

atmosphere, at an extrusion ratio uf 4.3:1, with tools heated to 480"C,

lubricants containing graphite were found [161 to give lower forces and

improved surface finish compared With those containing MoS 2 but not

graphite (Fig. 8. 12). ,n-.-um soap greases as carriers appeared to re-

quire lower forces thqn ';;m~tonlte-thickened grease or calcium-soap grease.

Graphite mixed with powdered glass improved die lubricating properties of

the glass (although application must have presented some problems). Also,

it was observed that an oxide layer on the billets reduced forces below those

obtained with billets that were heated in an argon atmosphere; however, the

resultant contamination of the surface may be obj-ctionable for most appli-

cations.

Further experimental lubricant mixtures were investigated in the extru-

sion of a Ti-3Mn-ICr-IFe-IMo-IV alloy [110] at 870QC wit], a die of 130'

included angle. Of the four mixtures tested, three were based on a calcium-

base grease because its oxidation products were considered less abrasive

than those of other high-temperature soaps. Mica was addetd to all of the

lubricants to improve their insulating properties, and graphite and/or MoS2
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for better lubrication. The fourth mixture, a bentonite-grease base lubricant

(containing 25% flake graf wite, 15% MoS and 5% mica) was found to produce

the best szface finish, the least amount of pickup, aivd the lowest extrusion

pressure. The surface finish was found tn depend greatly on the consistency

of the lubricant mixture. Lighter mixtures produced a more uniform distri-

bution of the lubricant, avoiding excessive accumulation of the lubricant

and giving a smother surface finish.

A variety of structural shapes of Ti-155A, M.1 E2., Ti-7AI -4Mo,

Ti-4A1-3Mo-1V, and Ti-6Ai-4V alloys were extruded with 1/16 in. web

thickness in 20 ft lengths [481. Split ceramic uoated dies and a composite

glass wocl/granular glass die pad wss found suitable for extrusion at 980 0 C.

Lubrication and jacketing procedures in extruding a variety of titanium alloys

are given in References 37, 50, and 111.

8.8 LUBRICANTS FOR NICKEL- AND COBALT-BASE ALLOYS

Nickel- and cobalt-base superalloys have assumed great hidustrial sig-

nificance in recent years, particularly for jet engine applications. All ex-

truders use glass lubrica.,on with procedures simiia:, to those developed for

extruding steel. Successful extrusion of these alloys is possible only with

accurate temperature control, since the worldng temperature range is usu-

ally narrow. Canning of the billet has 'been reported [1121, and basalt has

also Uer C [621.

Some superalloys possess rather high strength at lhe extrusion t,-mpera-

ture =n if, foi this or an :,ther reason, ',)w extrusion ratios are used, the

glass pad placed in front of the billet would be extruded. Therefore, lubrica-

tion with glass coats applied prior to heating the billet becomes important.

Generally good results have been obtained with sprayed glass in the extrusion

of Udimet 700 at 1080Q-116 0 0C anG Inconel X and IN-100 at 1183,C [371.

Also, a magnesium inetaborate-graphite mixture (Section 8.4) wap reported

to give good overall results for nickel-base alloys. Waspaloy and Ren6 12i

have beer. extruded without difficulty with 0010 glass lubrication [1131.

Powder billets of Rena 41 have been extruded o'eing V ass lubriciants

ivithin a temperature range of 1125 -1260•'u with the cmuainer ou 4•vuC.

The extrusion ratio ranged from 8 to 16:1 [1141.
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8.9 LUBRICANTS FOR REFRACTORY METAL ALLOYS

In the extrusion of refractory metat alloys, lubricants such as graphite

and some glasses are used for the temperature rnge of 980 0 -1320 0 C. For

higher temperatures, glasses with viscosities ranging from 100 to 500 poises

at the metal temperature have been considered to be. the most useful. These

may be either sprayed or brushed [113]. It appears that glass pads would be

quite effective-provided, of course, that the extrusion ratio is sufficiently
high. Canning or coating with a low shear strergth, ductile metal is wide-

spread. Dies ax ,requently coated with Al 20 3 or ZrO2.

8. 91 Columbium

Columbium-base alloys are extruded within a temperature range of 1035- {
2040 C, using glass lubrication and/or canning with mild steel, copper, or

molybdenum, as appropriate for the extrusion temperature. For extrusion

temperatures between 1035 and 1370°C grease, graphite, or glass have

proved to be adequate; above this temperature range lubrication of uncanned

billets is apparently difficult [115]. Also, commercially available glasses

have been found to be corrosive for these alloys above 1200 0C, hence clad-

ding with mild steel is suggested (1161. Unfortunately, glasses used in many

studies were of a proprietary nature (117-120]. For columbium-tungsten

alloys glasses have been used with varying degrees of success (37]. The
alloy B-66 (Cb-5Mo-5V-1Zr) has been extruded successfully using molybde-

num jackets at extrusion temperatures of 1540'-1760'C [37]. Glass with a

softening point of 1000 aC was found acceptable ir the extrusion of a Cb-20% W

alloy at 16500C [11].

8.92 Molrbdenum

Unalloyed molybdenum does not present undue difficulties, and a variety

of lubrication techniques-including glasses preapplied to the billet, and

compounds containing graphite or MoS 2 applied to the die and container-seem

to give acceptable products. It is quite likely that the oxide of molybdenum,

liquid or vapor at the extrusion temperature, contributes to lubrication.

A great number of reports deal with the extrusion of molybdenum and

its alloys. Unalloyed arc-cast molybdenum has been successfully extruded

at temperatures of 1100• to 1370C using Cornig glasses 0010, 7052, and
9772 [49). For a Nlo-0.50 Ti alloy, a temperature -f 1930C and % lubricant
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mixture of magnesium metaborate and graphite in water (Section 8.4) gave a

low extrusion pressure and good control of dimensions and surface finish (36,

59]. The use of molten salts such as lithium chloride has also been reported

[62]. A variety of mclybdenum alloys hb,-e been extruded with a great num-

ber of glass compositions such as are listed in Table 4.6 and given in Refer-

ences 37, 47, 49, 50, and 121-123. The results have been generally good.

In some experimental work proprietary glasses have been used [50, 96, 124].

In addition, the container and the die have been lubricated with compounds

such as graphited grease, MoS2 in grease or volatile carrier, MoS2 + Pb,

or aqueous dispersion of graphite. In view of the great number of variables

involved, it would be virtually impossible to make quantitative statements

about the results obtained. It is obvious, however, that carefully selectei

glass compositions perform well in the hot extrusion of molybdenum alloys.

8. 93 Tantalum

Tantalum and its alloys are extruded within a temperature range of

980 -2040 C, using glass lubrication and/or jacketing with molybdenum

or-at lower temperatures-mild steel. Various glasses such as Corning

0010, 7052, 7740, 7810, and 9772 &:;7, 49, 51, 125] gave generally good

results. In other studies proprietary glasses have been used [1.26, 1271, in

one case combined with molybdenum powder. For a Ta-Hf alloy the optimum

extrusion temperature has been found to be 2040 0C, and for a Ta-Cb alloy
18700 C. A ZrO2 die facing and glass 7810 performed satisfactorily at 1.8700 C

and above; and A1 20 3 die facing and glass 7740 were adequate below this

temperature [1251. Cladding not only has advantages as a lubricant but also

offers protection from atmospheric contamination. In the extrusion of tube

blanks of Ta-W-Hf alloy, mild steel cans were preferred over molybdenum

since extrusion could be performed at 1260 0 C or less [1161.

8.94 Tungsten

The available information indicates that tungsten and its alloys are

extruded within P wide range of temperatures, fr,- m 1600 0C to as high as

22000C, with lubrication techniques involving glass and/or canning with

molybdenum jackets [38]. Varying degrees of success have been obtained

depending on the particular alloy and the type of glass used [37, 49, 51, 122,

123, 128, 129]. Glasses applied to the billet and Flske 604 (a graphited
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grease) applied to the dies also gave good results [37], in one case in conjunc-

tion with a molybdenum jacket. Arc-cast tungsten ingots have been extruded

at 19300C with the billet rolled over a Pyrex glass wool mat containing a

proprietary glass [130]. Glass lubrication was also reported for the extru-

sion of tungsten tubing [131]. Uniform coatings of 0. 010-0. 020 in. thick un-

alloyed tungsten have oeen applied on W-25% Re tube billets providing ample

oxidation protection and lubrication. It is stated that the relatively low de-

position temperature (550e-580oC) and short time probably did not alter the

alloys or permit diffusion between the billet and cladding materials [90].

8.10 LUBRICANTS FOR OTHER METALS

8.101 Zirconium

Zirconium, like titanium, has a tendency to gall when in contact with

extrusion dies and c ntainers. When the billets are heated in air, an oxide

film forms which, in combination with a graphite-base lubricant, can func-

tion satisfactorily. Salt bath preheating combined with glass lubrication has

also been successful. The disadvantage of these methods is that they result

in contamination of the billet and, thus, create adverse effects on proper-

ties [72]. Thevenet and Buffet [132] reported the application of techniques

identical with the S6journet process for the hot extrusion of zirconium and

Zircaloy-2 tubes at 750°C. Spray coating of the billet with glass before

heating in a gas-fired furnace has been described by Palapatz [133] for the

hot extrusion of Zircaloy-1.

Jacketing of zirconium billets is also poo'sible provided the jacketing

material has an extrusion constant similar to the billet material and it does

not react with zirconium at the extrusion temperature. Copper can be used

up to 8000C, steel up to 900 0C [72].

8. 102 Vanadium

Vanadium is one of the more readily extruded materials. Hot extrusion

has been described by Lacy and Beck [1341; clippings of vanadium sheet were

sealed in vacuum in a steel container and extrjd-2. at 1100°-1150wC at a

ratio of 10:1 to 18:1, using a graphite-oil lubricant.
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8.103 Uranium

The successful extrusion of uranium alloys has been described by Lorenz

et al. [135]. The alloys were heated to 815°-9700 C (depending on the alloy) in

a chloride bath and extruded at ratios up to 35:1, using MoS2 as the lubricant.

The dies were made of chromium-plated steel. The use of glasses or

barium chloride has also been reported [62].

Pardoe [72] discussed uranium extrusion, emphasizing atmospheric

contamination and oxidation problems. Cladding with copper and heating in

an inert atmosphere such aj argon or helium or in molten salt baths are sug-

gested. The choice of the extrusion temperature is also important since

marked changes in hardness take place at different temperature ranges with

allotropic transformations. Pardoe also gives details of the coextrusion and

clad extrusion cf uranium for nuclear reactor appltcations.

Uranium-zirconium composite extrusion has been carried out at about

680 0 C with evacuated copper jacketing and a lubricant composed of graphite

resin containing MoS2 [136]. Various techniques have been described by

Kaufmann et al. [137] for the hot extrusion of U02 fuel elements. Iron and

copper have been used for the heavy outer can; and cladding materials (inner

can) have been stainless steel, tantalum, and molybdenum.

8.11 LUBRICANTS FOR HIGH ENERGY RATE HOT EXTRUSION

In view of the great interest in high energy rate metal forming processes,

hot extrusion studies have also been carried out at high deformation rates.

Some results from the limited amount of work done to date are summarized

below.

Tee shapes (2 in,. x 1 in. x 0.050 in.) of Ti-6A1-4V, AISI 4340, and 304

stainless steel [1381 were extruded through ceramic-coated dies at an extru-

sion ratio of 17:1. The dies were lubricated with graphite; billet lubrication

was not used. The container was sprayed with a graphite-alcohol mixture.

In further studies, glasses, greases, and other compounds were evaluated

as billet lubricants; however, no conclusive answer as to the best lubricant

was obtained.

In the direct extrubdon of various mnterials [1381 graphltized molybde-

num disulfide was the most satisfactory lubricant for all materials. This

lubricant was applied to both the die and the punch, but not to the billets.
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Sintered tungsten powder billets were extruded [1391 at 1800 0 C at ratios

of 6.25:1 and 9:1. The liner was protected with thin molybdenum sheet. A

mixture of graphite and MoS2 was used to lubricate the tooling, and all billets

were extruded without any protective coating.

Arc-cast billets of Mo-25W-0. 1Zi [122) alloy were extruded with
Corning 7052 glass. The die and the container were lubricated with colloidal

graphite in water. Another arc-cast alloy, W-0. 6Cb, was extruded at a

ratio of 4:1 and a temperature range of 16000 -18000 C, using 100 mesh

Corning glasses 7052 and 78.L0. The die and the container were lubricated
with colloidal graphite in water [1221.

It would appear that the small billet size and the high extrusion speeds

lim-it cooling; therefore, graphite and/or MoS2 could be expected to perform

reasonably well.

8.12 SUMMARY

As evident from the extensive literature available, lubrication in hot

extrusion has indeed been the subject of scrutiny at both the experimental and

the industrial levels.

In spite of the many efforts made, our knowledge of the mechanisms of

lubrication in hot extrusion is still incomplete and in some cases rather

controversial. Although graphite suspensions are quite attractive as lubri-

cants, the introduction of glass lubrication has been, by far, the most im-

portant development. Yet, in spite of fts success in many applications, the

mechanism of glass lubricatio. and the physical characteristics governing

it are not fully established. It ie increasingly clear, however, that for

higher extrusion ratios a glass pad of sufficient strength is of great impor-

tance. This glass pad serves as a reservoir of gradually melting glass

lubricant, thus enabling long lengths of extrusion to be produced. On the

other hand, when the extrusion ratio is rather small-as is the case with

some refractory metal alloys and superalloys-the problem of maintaining

a glass film without a pad becomes serious; this, in turn, requires a re-

consideration of the die geometry and the billet coating in order to insure a

more or less full-fluid lubricant film throughout the extrusion cycle. There

is still some controversy whether, at sufficient extrusion speeds and with

proper selection of die angles, a lubrication mechanism of the hydrodynamic

type can be maintained. With appropriate techniques, hydrostatic lubrication

similar to that existing in cold hydrostatic extrusion can be assured.
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The review presented in this chapter has also shown the importance of

the lubricant and die angle on material flow and properties of the extruded

product. It is also clear that, probably because of the difficulties involved

in conducting experiments at elevated temrperatures, the available literature
does not always give a clear picture as to the interrelationships between

lubricant performance and other process and material variables. In some

cases one could even question the accuracy and validity of the data published,

particularly when they pertain to such difficult topics as the coefficient of

friction, interface shear strength, and forces in hot extrusion. Neither is

the proper interpretation of data an coasy matter, especially when the tem-

peratures, pressures, and speeds are as high as those in the hot extrusion

of some materials. Further complications enter the picture when one real-

izes that data on forces, die wear, and the surface finish obtained in tests of

short duration do not necessarily give a correct indication of the long-term

performance of the lubricant, particularly with regard to die life. On the

other hand, it would appear that full-scale die life tests with the large num-

ber of variables concerned could hardly be run, at least not economically,

There is no doubt that this is a fruitful field for more research and,

perhaps because of the great difficulties involved, all the more rewarding
potentially. It is hoped that the survey presented in this chapter will form a
background for further work as well as to serve as a gu'A to answer some of

the more practical questions concerning lubrication in hot extrusion.
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9.1 INTRODUCTION

In forging, the lubricant is called upon to perform some or all of the

fuactions described in Section 5. 1, with particular emphasis on the following:

(a) Reduce sliding friction between the die and the forging in order to

reduce forces and aid die filling. It is conceivable, however, that die filling

may be promoted by high friction in the flash gutter.

(b) Act as a parting agent, or prevent local welding and subsequent

damage to the die and workpiece surface, to assure good surface quality on

the finished product.

(c) Possess insulating properties so as to reduce he it losses fron the

workpiece and minimize the temperature fluctualions in the surface of the

die which would lead to premature ftilure by thermal fatigue and to surface

cracks in less forgeable materials.

(d) Develop a balanced gas pressure to assist quick release of the forg-

ing from the die cavity.

(e) Wet the surface uniformly, otherwise local breakdown hecomes in-

evitable at some places, while the accumulation of excess lubricant causes
partial filling in other parts of the die cavity.

(f) Be non.ibrasive so as to prevent erosion of the die surface.

(g) Be free of residues that could accumulate in deep Impressions and

not develop by-products that pollute the environment.

The relative importance of the above-listed and sometimes contradictory

properties will vary according to the local conditions and the specific task.

Lubricants fulfilling some of these requirements have been developed over
the years. It is found in practic.. that, for hot forging, the most common

lubricant is graphite suspended in grease, oil, or water (1-71. A great

variety of other lubricants, proprietary or made up of basic ingredients,

have also found use. The oxides of some metals fulfill a useful function as

J L
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parting agents, while some metals, such as tungsten and molybdenum, form

soft or liquid oxides which function as lubricants. Considering the great

variety, it is not surprising that many lubricants used in industry for hot

forging are held confidential. Most open-die forging requires no special

lubrication; natural oxides on the workpiece material serve as lubricants.

Cold forging lubrication practices are similar to cold extrusion or wire

drawing, and appropriate information is given in Chapter 10.

In view of the great variety of lubricants available and the complexity of

the process itself in terms of such variables as die geometry, workpiene

material, forging temperature, and speed, systematic studies are necessary

In order to identify factors that contribute to successful lubrication in forg-

ing. In the following sections, the availabla general information is presented

first, and specific information pertaining to particular workpiece materials

is dealt with later.

q. 1 FRICTION AND LUBRICATION EFFECTS

9.21 Effect of Friction on Deformation

The compression of cylindrical specimens between flat parallel platens

has been frequently enmployed for investigative purposes of the effect of

friction on deformation in forging processes. The most obvious manifeata-

tion of friction in such a test is the barreling of the specimen 'Fig. 2. 16).

As discussed in Section 2.52, chang .s in the original end diameters of the

specimen are a further, sensitive indication of friction when partial sticking

prevails over the end face.

Although friction is recognized to be a significant factor in governing

barreling and end face expansion, cooling of a hot workpiece in contact with

a colder anvil may cause the same changes as increasing friction would.

Separation of the cooling and friction effects is extremely difficult; therefore,

much of the work relevant to the shape changes in forging has been restricted

to room-temperature experiments. These will be considered first, followed

by a discussion of hot forging experiments.

Friction Effectu Without Cooling

In spite of the fact that barreling has been commonly observed in upset-

ting, only recently have there been some attempts made for a quantitative

evaluation of this phenomenon. Kulkarni and Kalpakjiln [81 have shown that
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the profile of barreled 7075 aluminum alloy specimens of Ho/D ratio of 1. 5 to

0. 76 upset at room temperature can be approximated very closely by an arc

of a circle, Rc. A useful quantity expressing relative curvature was found to

be Hur = Hf/RC where Hf is the final height of the specimen. Hur increased
with increasing reduction and increasing friction (Fig. 9. 1) while speed of

deformation and aspect ratio did not seem to have any appreciable influence.

The precise effect of lubrication was difficult to study since the friction coef-

ficient has been shown to be a function of reduction in height (Section 9.22).

Additional data on barreling, as a function of reduction and lubrication, have

been obtained also by Latham, Cockcroft, and Tweedie [9]. Using a single

sheet of PTFE on copper specimens, Hsu [101 has shown that barreling can

be virtually eliminated. This is attributed not only to the good lubricating

characteristics of PTFE but also to its action as a pressurized fluid producing
a net outward force at the ends of the specimen.

i.5 I II
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Figure 1'. I. Relation of ratio Hur to reduction when upsettlin wjith hy-

draulic press (10 and 60 1pm) and drop hammer (30 fps) [SI.
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Studies by researchers at MIT [11] on triangular specimens again showed

the influence of lubrication ant reduction in height on the bulging of the specimens.

With increasing reduction, the originally triangular cross section approached

that of a circle because the material always flows in the direction of least

resistance.

Among factors that ipfruence the degree of barreling is the platen or die

geometry. Rarrnling can be avoided by using conical platens; this occurs

when the coefficient of fricti A is equal to the tangent of the inclination angle

of the conical platen (Fig. 5.4b). Several researchers have obtained data on

the effect of the platen angle on the degree of barreling, but information on

the effect of varf'ous lubricnts as a parameter does not appear to be available.

Combined Effects of Friction and Cooling

While the foregoing discussion pertains basically to a constant tempera-

ture throughout the die-workpiece system (.aothermal forging), it is evident

that a hot billet in contact with cool platens will exhibit a greater degree of

barreling. This is due to the fact that the upper and lower end faces of the

cylindrical specimen are now at a lower temperature than the central portions

of the specimen, hence they will exhibit a greater strength and, thus, greater

resistance to deformation. However, there is also the possibility that the

die-workpiece interface could actually be heated by friction (particularly at

high speeds) and exhibit a lower resistance to deformatEn. Under these

conditions, it would be difficult to predict correctly the mode of deformation

since this depends on how far the reduction of strength due to interfacial

heating is able to counterbalance the frictional resistance which induces

barreling and nonuniform deformation.

Schey [12) has shown that in the hot forging of steel, even with graphite

lubrication, the end faces increase their area by folding the cylindrica! side

surfaces against the die interface (Fig. 9. 2). Sticking friction prevails over

most •,f the end face, and foldiing over of the side surfaces is the sole de-

formation mechanism for a substantial part of the compression process [131.

Specimens of a If /D 1:1 aspect ratio show very little spread of the original0 0

end surfaeeF AL 50'- reduction, and even higher reductiond are needed to

Initiate slidiig with specimens of greater initial aspect ratio. In fact, per-

ceptible sliding begins only when, irrespective of the iritial aspcCt ratio,

the insntanmeou:s aspect ratio reaches 1:4-that Is, the diameter of the de-

formed spý":imcn is four times greater than its height (Fig. 9•.3). Much
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Figure 9.2. Material flow in hot upsetting of steel with sticking

friction [121.

published work that employed simple compression for lubricant testing was

not carried to such heavy deformations, and the expansion of the original

end face was not measured. It is reasonable to assume, therefore, that a

fair portion of information on barreling scattered throughout the literature

should be viewed with reservation. The deformed specimens have seldom

been sectioned nor the end faces carefully inspected, and the shape develop-

ment due to true barreling and that due to folding over of tho side faces

cannot be separated.

In plane-strain compression there is no external sign of the effect of

friction in the major direction of deformation; however, a cross-section of

hot-formed specimens reveals that a sticking zone develops without a lubri-

just as in cylindrical upsetting, whereas a completely uniform laminar

flow may be achie 'ed with a glass [14). Lateral spread, although small,
noticeably incrvass with increasing i'riction.

9.22 Lubricating Mechanisms

In addition to the basic mechanisms of lubrication discussed in &4ction

3.4, there are particulzir situations which ire unique to forging and related

compressive deformation processes. The major considerations are the

exitence of squeeze films., breAkdown of lubricating films, the effect of

surface finish, and( the effects of relubr.'iluon arnd vibration.
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strain for sunple press upsetting of steel. Speed: 30 ipm [131.
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Full Fluid Films

Although partial or full sticking friction and dry or boundary lubrication

are the most commonly observed mechanisms in forging and related proces-

ses, there can be situations wher3 full fluid film lubrication exists.

Irrespective of the viscosity of the lubricant, fluid films can be established

easily by mechanical trapping with suitably profiled specimens as shown in the

extensive work by Butler [15-.7]. However, when such films are present in

the tool-workpiece interface, the deformed surface does not fully conform to

the die surface, resulting in a generally dull, matte appearance due to the

deformation of individual grains. For this reason, the coarseness of the

finish is influenced by the lubricant and by the original grain size of the

material; the coarser the grain size, the rougher the finish.

With a viscous fluid as a lubricant, full fluid film separation between the

tool and workpiece can be obtained only by a normal velocity component

1_'Iween the t',o approaching surfaces. The pressure in such "squeeze"

films is given ',v the following expression [16, 1S]

3qv (R 2 I 
(9.1 )

t3

where p is the pressure in the fluid, 71 its viscosity, v the noimal approach

velocity, R the ra(ius of point considered, alnd t the thickness of the fluid film

at this point. In this simple treatment, viscosity is assumed to be indepen-

dent of pressure. The predicted pressure distribution is shown in Fig. 9.4

(Stage A). The pressure can be sufficiently high to cause plastic deformation

of the disk in the central region, thus assuring full fluid lubrication (Stage B)

while the periphery will be exposed to boundary contact conditions. Once the

periphery is sealed (Stage C), the lubricant is trapped and is capable of trans-

mitting high pressures, irrespective of viscosity [19].

Although this is a simplified analysis, it does indicate the impcrtance of

velocity in upsetting. As a specific example Fig. 9.5 shows a plot of the

interrelationship of film thickness t, disk dihmeter 21i, and normal vetocity

v to cause plastic deformation in annealed copper disks.

Mechanical Entrapment

Even when the vlsccsity of the lubricant and the sliding speed are not

sufficiently high to produce a full fluid film, lubricant may be trapped in

microscopic surface pockets of the workpiece surface. This would create
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6 2 SEROPE KALPAKJTAN

hydrostatic pressure of sufficient magnitude to support a considerable portion

of the normal load, and the low shear strength of the trapped fluid would give

low coefficients of friction. An analytical study by Kudo (20] is based on an

interface model of a grooved surface using the plane-strain theory of plastic-

ity for a rigid, perfectly plastic material. It is valid only for the instant

when deformation begins; a solution for the more complex situation for bulk

material flow has not been developed yet. The effect is, however, well

established in practice and in experiments (15-17].

Wilson and Rowe [21] have commented on the role of macroscopic sur-

face roughness and the entrapment of lubricant at the interface. Specimen

surfaces were prepared either with serrated pyramidal hollows or pyramidal

hills. In compression tests with a film of oil at the interface, it was observed

that the pyramidal hollows were more effective in reducing friction: A sub-

stantial portion of the load was found to be supported by pockets of oil in the

hollows. They state that a finely spaced hollow pattern will result in no

pickup and that surfaces containing closely spaced pockets or valleys, rather

than individual prominences, perform better in terms of both friction and

pickup. The studies by Butler [22] and Wiegand and Kloos [23] also point

to the importance of surface roughness in upsetting experiments. It has also

been shown that shallow grooves machined in the end faces of cylindrical

specimens reduce friction substantially in lubricated compression, as

observed by Loizou and Sims [241, and also by Thomsen et al. [25].

The die surface is also an important factor (Section 5.66). Rough dies

puncture lubricant films and raise friction and wear. Smooth dies are better

for unlubricated forging, but very smooth dies may cause insufficient lubricant

retention.

Squeeze Film Breakdown

A squeeze film, once established, does not necessarily survive through-

out the course of compression. Pearsall and Backofen [261 have made

detailed studies of lubricant film breakdown at the periphery of cylindrical

specimens. In compressing commercially pure aluminum specimens with

overhanging platens, lubricant-film failure takes place at the periphery;

a sticking zone is thus forcied the size of which increases with increasing

reduction (27, 281 (Figs. 9.6 and 9. 7). It has been observed that with in-

creasing plastic deformation, the lubricanit film becomes thinner at the

periphery while a reservoir of lubrJcant is formed within the platen-specimen
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Fig. 9.6. Squeeze film breakdown and the development of folds in the

compression of cylinders between overhanging platens [27].
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Fig. 9.7. Variation of spacing between spiral-cut grooves, initially

equidistant, in the compression of aluminum specimers lubricated with

lead foil [28].
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interface. As reduction continues, the amount of lubricant at the periphery

is exhausted and the platen comes in direct contact with the specimen, leading

eventually to sticking. As the sticking zone increases, it leads to a fold

formation, as shown in Fig. 9.6. It was found that the initiation of the stick-

ing zone wae not influenced by specimen geometry or size, but by the reduc-

tion in height and the lubricant. It had been suggested earlier [26] that lubri-

cant failure began after a critical amount of sliding had occurred at the

periphery. Further tests indicated, however, that the amount of sliding

could not be the sole criterion for lubricant film breakdown.

Sata et al. [27] also suggest that film breakdown is a function of process

geometry. In plane-strain compression between narrow parallel anvils, the

tools indent the specimen and create new surfaces at the edges of the tool.

The film is fully trapped, and there is great resistance to lubricant-film

breakdown. The same condition would apply in piercing. On the other hand,

in compression with overhanging platens, the new surfaces contact the over-

hanging platens, possibly contributing to the start of a sticking zone.

Replenishmes-.t of Squeeze Film

Because die surfaces almost always move normal to the workpiece sur-

face in forging and related operations, breakdown of the original squeeze

film proceeds until a sticking zone develops, unless special steps are taken

to replenish the squeeze film periodically. This may be accomplished by

cyclic loading; its effect on deformation resistance and, hence, friction, has

been investigated by various authors. As discussed in more detail in Section

7.28, there is no evidence to show that high frequency (ultrasonic) vibration

of the tool face actually reduces the flow stress of the workpiece material,

but for our purpose it will suffice to consider only the frictional effects of

vib -ation.

Since the breakdown of the squeeze film results in boundary contact and,

possiUy, in metal-to-metal contact with consequent metal pickup, improve-

mer'.F due to replenishing of the lubricant film may be expected on two

count.,i. First, with a liquid lubricant friction is lowered because a hydro-

d.vnamiic film is maintained; secondly, avoidance of lubricant film breakdown

n iso prevents pickuip.

Indeed, a study with cyclic loading [291 has indicated that reduction of

the deformation resistance is most marked in upsetting if (a) the lubricant

contains a reactive additive, (b) the tool and workpiece have a strong
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tendency for cold welding, and (c) the load release or amplitude of vibratior

is sufficiently large to separate the microwelds and thereby expose the new

surfaces of tbe broken junctions to the reactive lubricant. An example is

shown in 1, ig. J. • for 2 in. diaxmeter, 0.5 in. high aluminum specimens

upset with caproic acid as a lubricant.

Recent developments in metalworking have involved the vibration of the

tools at various frequencies. In upsetting tests it has been fcund that, due to

a reduction in friction, barreling is reduced or eliminated and also upsetting

forces are reduced [30-34]. The effect is more marked when the applied

lubricant is rather poor, in agreement with the above explanation of cyclic

loading.

The beneficial effect of frequent lubricant application has also been

studied by Tanaka et al. [35]. With a total reduction of 60%, it was noted

that if upsetting was interrupted and the lubricant reapplied more than three

times, lubrication did not improve any further; presumably, a sound squeeze

film was already attained by the threefold application.

9.23 Coefficient of Friction and Interface Shear Strength

Extensive literature is available on the effect of lubricants and other

process parameters on friction in various types of compressive deformation
[11, 12, 16, 27, 28, 29, 35-41]1 The friction coefficient (or the shear

strength) at the interface between the die and the workpiece is found to be a

020

015ý

, 010 tPEROOIC RELUBRICATION -

005 -
CYCLIC LOADING

0 0 au 30 •40 50
RErj,:CTION %

Fig. 9.8. Variation of coeff'cient of friction with reduction in Lhte

compression of aluminum disks [291.
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function of not only the lubricant, but also specimen material and geometry,

surface finish, temperature, percent reduction, type of loading, and also the

location at the interface.

Variation of Priction Across Contact Area

Among the more systematic studies is that due to Van Rooyen and

Backofen [28] who, with the oblique pin technique described in Section 5.25,

measured the coefficient of friction in cold upsetting of aluminum, iron, and

coppor. Lubricants included lead foil, molybdenum disulfide, soap, Teflon

(PTFE), and mineral oil (medicinal paraffin) with and without fatty-acid

additions. Some generalized conclusions may be drawn from this work.

Lead foil of 0.002 in. thickness interposed between anvil and spec',nen

surfaces presented an interface of roughly constant and very low shear

strength (e lines in Fig. 9.9). Because the low friction also resulted in an

almost constant interface pressure, the coefficient of friction remained

practically constant.

Data obtained by Unksov [42] on the normal stress and shear stress

distribution along the interface led to similar conclusions. In plane-strain

compression of lead specimen of various aspect ratios, the interface shear

stress appeared to remain generally constant along the width, both for

lubricated and unlubricated conditions.

WI I II I

40

3pi0 -,, 04kpi

0 0#4 08 2 0 0.4 0.8 -. 0 04 08 I.

RADIUS, in

Fig. 9.9. Variation of interface pressure, friction coefficient, and

interface shear stress with radius for three lubrica!ion conditions.

D /H = 4. (a) Unlubricated; (b)) oleic acid in mineral oil; (c) lead foil at

interface. Material: commercially pure aluminum. Reduction: 10" [281.
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The nature of lubrication provided by various lubricants was followed by

Van Rooyen and Backofen [28], who investigated the variations of interface

shear stress and coefficient of friction as a function of reduction in height.

In upsetting aluminum specimens between dry platens (Fig. 9. 10), the inter-

face shear strength increased more rapidly than would be expected from the

strain-hardening characteristics of the workpiece material (line to). The

reason for the generally higher level and more rapid rise remains obscure.

Friction expressed in terms of a coefficient of friction decreased because of

the more rapid increase In interface pressures. With a mineral oil as a

lubricant, interface shear stress increased rapidly as a result of a thinning

out of the initially trapped squeeze film and subsequent boundary contact.

The presence of a powerful boundary additive caused an initial drop in shear

stress, attributed to adsorption of the fatty acid on the fresh aluminum

15t
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Fig. 9. 10. Variation of interface shear stress and friction coefficient
at 3/4 in. radius position. Do! /it 4. Material: aluminum. (A) Dry;

(B) oloic acid in mineral oil, 51%, abraded surface; (C) same as B, etched;

(D) lauric acid in mineral oil, I%, etched; (E) mineral oil, etched; (F)

molybdv.' o lfide; (G) lead roil; (H) Teflon; (I) soap [281.
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surfaces exposed by expanding the end face area. On further compression,

interface shear stress rose very rapidly, most probably because of peripheral

lubricant breakdown (it is, however, not clear why lauric acid should have

been more effective than oleic acid). The initial drop observed with molyb-

denum disulfide is attributed to alignment of the lamellar particles, leading

to an optimum, low shear strength orientation. Exceptionally low shear

strebs and friction was obtained with Teflon, and almost as good results with

specimens that had been first given a chromate-phosphate coating and were

then dipped in hot molten soap. These substances behaved like the lead foil

except that their shear strength is substantially lower.

Similar observations apply to Armco iron and copper specimens (Fig.

9. 11). NeitLar of these materials, however, show as high adhesion to the

anvil as aluminum; therefore, the average value of the coefficients of friction

I I I I
0.3-- Fe A

0.2 B c -

0 Q4

• .. - •Cu A

02[

0 5 O 15
REDUCTION, %

Fig. 9. 11. Variation of friction coefficient at 3/4 in. radius position.

Do/Ho = 4. Materials. iron and copper. (A) Mineral oil, abraded surface;

(i} lauric acid in mineral oil, 1ý., abraded; (C) oleic acid in mineral oil,

5'1 abruje6" (D) same as (C), oxidized surface (281.
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is lower and variation with reduction in height is also much more moderate.

Fatty acid added to the mineral oil lowered friction and maintained it at more

constant levels, particularly on iron. The beneficial effect of a thin oxide

film is quite marked on the iron, probably because it promotes reaction of

the oleic acid to form a soap. The absence of such effect on copper is less

readily explained, but the improvement obtained by prior 'Aling of the

specimen in water is in agreement with similar observations made in boundary

lubrication studies.

The changes in friction observed during upsetting will also depend on the

speed of deformation. Thus, in situations where the interface consists of an

element such as lead foil, speed effects in upsetting will show up as an in-

crease in the shear stress of lead due to its strain-rate sensitivity. On the

other hand, if the interface consists of a boundary lubricant, increasing speed

would lower stresses by inhibiting junction formation or growth, as shoain by

Pearsall and Backofen [26].

Detailed evaluations of friction from point to point at the contacting sur-

faces are rare. Most frequently, the effect of lubricants is determined by

their efficiency in reducing the average pressure, as calculated from the

total force divided by the contact area. An example of such an approach is

shown in Fig. 9.12, which is essentially a technological description of

lubricant qualities, including its ability to expand with the end face and resist

peripheral breakdown. If desired, these data can be converted into coeffi-

cients of friction, for example, with the use -if curves given in Fig. 2. 20. It

should be noted, however, that instead of reductions in thickness, instantane-

ous R/H ratios must be determined. Calculations can be very misleading if

the strain hardening in cold working or potential recrystallization during hot

working is not considered. In either case, the true yJeld strength prevailing

at a given reduction must be inserted.

Tanaka et al. [35] investigaged the coefficient of friction in upsetting

specimens of commercJAlly purc aluminum, copper, mild steel, and 18/8

stainless steel from room temperature up to 4000 C. An overali inspection

of the results indicates that no general conclusions can be drawn, except that

higher viscosity substances reduce friction. A more detailed examination

of these results will be found in the appropriate discussions of cold-forging

these workpiece materials (Section 10.4, 10.5, 10. 6, and 10.7). The

reasons for the obverved variations in friction are, no doubt, due to a large
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Fig. 9.12. Effect of friction on the reduced interface pressure. 7075

aluminum alloy specimens of D / Ho= 16. (1) No lubricant; (2) sulfurized

fatty oil blend on oxide base; (3) sulfurized fatty oil blend; (4) calcium oleate

on chromate-phosphate base [11).

number of often counterbalancing effects of temperature on viscosity, reac-

tion between lubricant and specimen surface, decomposition of lubricant, aid

others.

Coefficients of Friction Derived from Simulating Tests

In additlun to compression tents other types have aloo been used to

determine the effect of lubricants on friction. Much of the fundamental work

on lubrication has been performed in simple laboratory apparatus involving

sliding contact between a rider (pin or disk) and a flat surface (Fig. 5. 10a).

Pressures may be readily increased to the point where local plastic defor-

mat'on occurs during the passage of the rider and new h.!rfaces are exposed

by damage. While the deformation mode is substantially different and lubri-

cant entrapment through the squeeze effect is not possible, some of the

re.ults can be applied to forging if the limitations are recognized and

accounted for.
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The application of this te3t to simulate nonisothermal hot forging creates

a number of problems. V hen the flat surface is chosen to represent the

workpiece and the rider to represent the die, rapid heating of the relattirely

small rider beyond any reaoonable die temperatures will soon lead to com-

plete breakdown. Conversely, when the rider is chosen to represent the

workpieco, the deformation of the rider and Its rapid cooling renders doubt-

ful results. Nevertheless, this test has possibilities fo., investigating lubri-

csint3 under controlled coLditions of speed and temperature. The lubricating

capability of many oxides important iu drup forging was first investigated by

this technique.

Among the simplified forging tests (Section 5.25) plane-strain compres-

sion would be attractive because the contact area remains constant. How-

ever, it suffers, like others, from lack of discrimination at high friction.

The ring upsetting test has found wider application. It may be used even

when friction is relatively high and, thouJh there is still insufficient evidence

to judge whether chilling of the end faces could be discounted as an important

effect in hot ring-upsetting tests, it would appear that the effects are less

disturbing than in most other tests. Chilling does take placo in production

forging too; the important point is that chilling should be kept within reason-

able bounds even when small, fast-cooling specimens are used for experi-

mental purposes.

9.24 Thermal Insulation by Lubricant

In hot-working operatiuns the capability of a lubricant or a surface film

to thermally insulate the workpiece is an important consideration. A rapidly

cooling interface is a potential source of troubl, particularly when forging

billets into thin and deep die cavities and w,.en the workpiece material is

sensitive to cracking. Thus, some titanium alloys and especially nickel-

base superalloys have a rather narrow hot-forging temperature range and

cracking may easily oc.,tr if the end faces are allaa~ed to cool.

It has been shown that a thick or.ide layer o., the workpiece enhances the

filling of a die cavity (431, althugh such an approach would produce an

objectionable surface finish. The example given in Table 9. 1 sho•vs that,

under a constant load, the percent reduction in height of a specimen in

comprossion increasee' with increasing thickness ca mica insulation.
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TABLE 9.1

Eflect of Mica Insulation
During Press Forging of Steel [43]

Insulation Specimen Thickness
Thickness, After Forging,

in. in.

0 0.215

0.010-0.015 0.184-0.176

0.030-0.045 0.134

AISI 4340 billets of 0.5 in. diam -ter, 0.5 in.
height at 1230 0 C, dies at 315 0C.

In view of these observations, greater emphasis is now being placed on

the insulating capability of lubricants. Cook and Spretnak [41] obtained

quantitative data on the temperature drop as a function of time for various

interface materials (Fig. 9.13). Cooling measured in air started from

removal of the specimen from the furnace, whereas the cooling rate for the

three lower curves was measured from the time the upper platen made con-

tact with the specimen. It will be noted that, as expected, glass is an

effective insulator, while an otherwise good lubricant (a graphited grease)

actually aided heat transfer and led to a substantial temperature drop in a

matter of a few seconds. Initial cooling is very rapid when the surface is

dry or covered with a nonlnsulating lubricant. It is to be remembered, of

course, that with increasing deformation speed, forging will approach more

aY.J more the adiabatic process, in which case there will be eubstantial

Increase of temperature, both in the bulk of the workpiece ard also in the

interface, depending also on the frictional characteristics of 0he tool-

workpiece system and the lubricant. Unfortunately, no reliable data exist

on the actual interface temperatures duriug deformation.

9.25 Typical Average Coefficients of Friction

It will be clear from the preceding discussion that an average coefficient

of friction has no deep meaning and can be taken merely as an Indication of

lubricant efficiency, provided that process conditions are comparable.

Obviously, friction values qaoted fo, elevz':- I temperature work will suffer
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Fig. 9.13. Temperatures measured at approximately 3/16 in. below

the top surface of AISI 1018 steel specimen cooled from 980°C [411.

from unknown effects of cooling, while those pcrtaining to room temperature

deformation will seldom be valid for a wide range of geometries, interface

pressures, reductions, and appkoach velocities. Surface preparation and

the method of lubricant application can have an overriding effect [441, and

many published data have uncertainties introduced by ill-deffined process

variables.

In considering data contained in Tables 9.2 to 9.4, it will be noted that a

coefficient of friction of 0.06 to 0. 1 is fairly typical of lubricated compres-

sion at room temperature, while the dry friction values are usually in excess

of 0. 1 [14, 44, 45). For reasons discussed in more detail in Section 6.21,

it is likely that troie dry friction values would normally be even higher. The

presence of minute contaminants, residues of cleaning fluids, and adsorbed

films from the air all contribute to lubrication in ostensibly dry conditions;

some evidence of this will be deen later in the detailed experiments on vari-

ois workpiece materials. In forging at elevated temperatures, sticking
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TABLE 9.2

Values of Coefficient of Friction in Plane-Strain Tests [44]

Coefficient of Friction

Material Lubricant Max Min. Mean

70/30 Brasis Dry 0.1 0.025 0.063

Paraffin 0.11 0.025 0.067

SAE 10 0.11 0.025 0.067

H.C. Copper Dry 0.11 0.09 0.1

Paraffin 0.15 0.09 0.12

SAE 10 0.14 0.05 0.095
Paraffin + 5% 0. t 0.05 0.09

lead oleate

C.P. Aluminum Dry 0.25 0.105 0.177

Paraffin 0.23 0.165 0.2

SAE 10 0.09 0.05 0.07

Paraffin + 5% 0.1 0.01 0.055 5
lead oleate

Mild Steel Dry 0.25 0.17 0.21

Paraffin 0.23 0.14 0.18

SAE 10 0.12 0.04 0.08

Paraffin + 5% 0.1 0.02 0.06
lead oleate

TABLE 9.3

Values of Coefficient of Friction in Ring Upsetting
(Dry) (451

Smooth Rough
Material Dies Dies

Mild steel 0.17 0.31

Aluminum 0.18 -

a-Brass 0.10 0.15

Copper 0.17 0.30
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TABLE 9.4

Values of Coefficient of Friction in Plane-Strain Compression [141

Specimen Coefficient of
SToernp., Anvil Friction at

Material C Material L/h =3 L/h = 4

3003 A1 R.T. WC S 0.32

7075 A1 450 WC 0.29 0.26

TZM (Mo alloy) S 0.26

4340 (steel) 0.27 0.24

Alclad 7075 Al 450 WC 0.16 0.15

TZC (Mo alloy) 0.16 -

4340 0.24 0.19

4130 1200 WC S S

4340 S S

Beryllium 725 WC 0.18 0.16

TZC 0.10 -

4340 0.10 0.12

L = width of anvil; h = thickness of compressed specimen;
S = sticking.
With dry, 300 C anvils.

friction is commonly observed although, as shown in Table 9.4, reasonably

low friction may be assured by choosing a die and workpiece material com-
binatlui that shows low adhesion at the working temperatures. The relatively

low values recorded for 7075 alumimnm alloy clad with pure aluminum must

be attributed to the lower shear strength of the cladding; the low values

found with beryllium are probably a result of easy shear at the interface of

the material of hexagonal structure. in other instances, the oxide film

formed on the workpiece material must have helped to kee-p friction fairly

low.
In wedge indentation tests, Kudo [461 has calculated coefficients of fric-

tibn of less than 0. 1 for molybdenum disulfide lubrication, while for dry

conditions the coefficient has ranged from 0. 2 to 0. 4, depending on the

roughness of the wedge.
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9.26 Simplified Forging Tests

Several simplified fceiging tests are described in 9ection 5.25 for the

evaluation of various lubricants. The most comprehensive work to date is

due to Tolkien r4%], discussed in detail in Section 9.5, which extended to

measurements of die filling, forging forces, ejection force, and gas pressure

in the die cavities. Dimensional changes of the die and the workpiece due to

wear were also among the importanm factors evaluated.
Adhesion of hot for gings to the die surfaces can cause overheating of the

dies, reducing their useful life. It has also bean observed that the ejection

force increases with the numb•er of forgings. this is mainly due to the fact that

some of the material from the woipiece surface is deposited on the active

die surface and adhesion is increased. It has been observed that adhesion
does not set in at once but is a cumulative process whereb!r an originally

smooth die surface begins to become rough by accumulation of material from
forgings. After a while it is necessary to clean the die surfaces and remove

the built-up material.
Using radioactive techniques, Bowden and Tabor [483 have shown that

metallic transfer takes place after vnly a single blow in upsetting (Section

3.25). Specimens of aluminum, brass, copper, and mild steel wero com-

pressed in a drop hammer; the weight of mater:ial transferred per blow was of

the order of 10- 6 gram. The transfer is generally from the softer workplece

material to the harder hammer, although the reverse has also been observed.

In general, transfer occurs both ways, albeit at varying rates. The amount

of material transferred greatly increases when slip occurs between the die

and specimen surfaces. Some work on wear of drop-forging dies using

radioactive tracers has been reported by Smith et al. [491.

9.27 Speed Effects in Forging Lubrication

The deformation speed can have a profound influence on the fCa ging

process. As speed increases:

(a) The time of contact between the hot forging and the cooler die de-

creases, hence heat loss is reduced. The dies and die lubricants are pro-

tected against prolonged exposure to heat, and better die filling can be

obtained since the blUet does not cool as rapidly.
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(b) At speeds above 40 fps, inertia effects can also aid in better die

filling.

(c) The liquid lubricant can begin to behave in a hydrodynamic manner,
further reducing friction, depending, of course, on the particular die con-

figuration. Squeeze films are likely to form.

(d) It is possible for interface temperaures to increase rapidly leading

to a thin molten layer of interface, which again acts as a good lubricant; no

direct evidence of melting is available, however.

(e) The process may approanh uiabatic deformation; in hot-short

materials incipient melting of the workpliece can take place with detrimental

results.

(f) The yield stress of most workpiece materials increases, particularly
at elevated temperatures unless, of course, concomitant heating counter-

balances the effect. Consequently, interface pressures rise.

A material such as lead exhibits a speed effect in that its resistance to

deformation increases with increasing strain rate and, when used as a lubri-

cant, the frictional stress increases. In room-temperature ring upsetting

tests with aluminum and brass, Male [50] has shown that the speed effect is
most marked with lubricants of low viscosity. While the coefficient of fric-

tion with graphite did not change with speed, the friction with paraffin and
lanolin was influenced by speed-the higher the deformation speed, the lower

the coefficient of friction. Changes in deformation speed may cause a

reversal in the order of merit of lubricants (Fig. 9. 1). At low press speeds,

the thickness of the hydrostatic squeeze film is governed by viscosity, and

lanolin is a better lubricant than the low-viscosity mineral oil. At high

hammer speeds, the mineral oil gives lower friction, probably because the

shear strength of lanolin increases at the high shear rates.

Jain and Bramley [511 studied the effect of speed in simple axisymmetric

hot upsetting of solid and ring specimens w'th a variety of lubricants (graph-

ite, molybdenum disulfide, glass dispersion, etc.). Results showed that,

over a wide range of lubricating conditions, increasing the forging speed

(a) reduces the coefficient of friction, (b) reduces the maximum load when

the final reduction is above 40-50%, and (c) reduces the energy required for
deformatlon when the reduction is above 85-90%. The dies were not heated,

and the speeds ranged between 0. 07 and 40 fps. Many of the lubricants were

diluted In carriers, such as water or oil, which had to be evaporated on
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contact with the dies leaving a smooth film of the solid lubricant. It is em-

phasized that actual conditions in closed-die forging are not necessarily

analogous to these particular test conditions.

Schey and Wallace (52] have carried out extensive tests on lubrication

and speed effects in steel forging at 1180 C using ring compression, upsetting,

piercing, and closed-die forging, with dies heated to 100 C. Of the lubri-

cants tested, a graphite-water mixture gave the lowest friction coefficient at

prcs speeds, while for hammer speeds graphite in oil gave the lowest

friction. Owing to extensive cooling of the workplece in the cooler dies. die

filling in closed-die forging was generally better in hammer than in press

forging. The liquid carrier is an important variable. At low speeds water

suspension appears to be best, whereas at high speeds an oil-base suspension

which does not evaporate readily is desirable as it enables the formation of a

hydrodynamic film.

Lubricants relying on surface reactions, particularly E. P. additives,

may suffer if sufficient time is not allowed for generating protective surface

films of low shear strength; however, some of this may again be offset by the

higher temperatures which accelerate reaction rates. On the other hand,

lubricants with a definite breakdown temperature are likely to suffer more at

higher striking velocities; again, the h--armful effect of speed may be counter-

balanced by the short time available to initiate or to complete breakdown.

Obviously, it is difficult to generaJize the effects of speed on lubrication

in view of a number of factors whose interaction io not yet clearly understood.

9.3 COLD AND WARM FORGING LUBRICANTS

Practically all types of lubricants with varying chemical and physical

characteristics have been tried and used in cold forging, for both experimental

and production purposes. Lubricants include mineral oils, animal oils,

vegetable fats, soaps, waxes, suspensions of graphite in water or oil, white

lead, etc. While many of these lubricants have been successful for forging

nonferrouet wetals or mild steel with small reductions, stronger materials

and mure severe deformations have led to problems with die loads, pickup,

surface finish of the product, and die life. Further work brought considerable

success with pretreatments of the workpiece surface. These coatings, as

well as .details on cold forging lubricants, are discussed in Chapter 10.
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More recently there has been increasing interest in working at tempera-

tures higher than traditional cold working and lower than hot working. "varm

working" of steel at 500-6000C has the advantage that forces are reduced

relative to cold working, yet oxidation is slow enough to assure a good sur-

face finish on the product. Lubrication practices are not well developed yet;

the temperature is higher than would be tolerated by cold working lubricants,

and present practices employ essentially variants of hot working lubricants.

Further development is obviously needed.

9.4 HOT FORGINlfl LUBRICANTS

The choice of a suitable lubricant in hot forging depends on a number of

variables such as the workpiece material, the complexity of the forging, type

of operation, temperature, ease of application and removal of the lubricant,

insulating properties, and the volume and toxicity of the gases generated at

forging temperatures.

Over the years a great variety of lubricating materials have be.;n used,

such as Pawdust, mica, grease, asbestos, saltwater, molybdenum disulfide,

glasses, and graphite in various carriers. By far, the most common ?ubri-

cants in commercial practice are based on graphite. Currently under investi-

gation and development are such materials as organic polymers, oxides,

phosphates, bromides, fluorides, carbonates, sulfides, etc. The suitability

and behavior of the major types of hot forging lubricants are discussed

below.

9.41 Grahite

The most common lubricants for hot forging axe based on graphite.

Important factors are the amount and type of graphite and the characteristics

of the carrier fluid. Depending on the type of graphite, c(.ncentrations vary

between 5 and 40%, the average being about 20%. High purity of the graphite

is important iks abrasive impurities can be quite harmful. Specifically, the

ash content should be low since ash, particularly if it contains silica, can be

abrasive. Upon burning, flake graphite produces 5 to 10% ash, but amorphous

graphite may produce 15 to 40% 153). It is also de,•trable to use fine particle

size, although size may be less important than ash content. Some investi-

gators have found that semicolloidal graphite can be more effective thain

colloidal graphite [47, 541, although the effect of graphite quality on frictio6
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is not clearly established yet. For light metals a trend towards the use of

coarser flake graphite has been noted [55]. The oxide layer on the billet does

not absorb the coarser graphite as easily as it does colloidal graphite; there-

fore, it gives cleaner forging.

Commercially used carrier fluids for graphite are water or aqueous

mixtures, light mineral oils, black oils, heavy fuel oils, and volatile sol-

vents. The important physical characteristics are the type of residue after

burning, viscosity, and flash and fire points. Water is often preferred since

it leaves no residue and keeps die temperatures under control, but difficulties

are experienced in wetting dies that get hot in high production rate forging.

Oils burn off and leave a carbonaceous layer which could serve as a parting

agent; the fumes generated create a nuisance but better wetting of hot dieEr is

achieved. For die temperatures In excess of about 4000C, special techniques

are n6eded. One development has been reported for lubricating dies heated

to temperatures up to 11000C [56]. No wetting could be achieved with oil-base

lubricants, rand the only lubricant that gave any improvement over dry dies

(with the iron oxide as a lubricant) was graphite with potass;am iodide (KI)

as a carrier. On application the IKI flashes off, leaving a uniformly distrib-

uted graphite film.

Graphite-oil lubricants sometimes contaih rurthvr additives such as

solid inert fillers, molybdenum disulfide, salt, resins, soaps, etc., to

increase the effectiveness of the lubricant. The exact reason for various

combinations is often difficult to fathom.

One remark is called for in connection with gases resulting from burning

of the lubricant. A moderate amount of gas pressure is desirable in order

to help eject the forging from the die. Also, the explosive nature of the

combustion promotes descaling on the worlpiece. However, in dies with deep

cavities, this is suspected to cause damage to the die surface by accelerating

heat ch cklng and gross cracking. It is also important to note that the

liberated gases may be health hazards; in this respect, aqueous suspensions

may be perferable to oil suspensions.
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9.42 Other Lubricating Materials

Various other materials that have been used or are being investigated

are briefly discussed in the following:

(a) Molybdenum disulfide oxidizes at a lower temperature than graphite,

but lubricates even in the absence of adsorbed films and does not contain

abrasive contaminants, at least below 400OC; above this abrasive oxides may

be formed. It is more expensive, however. It has been used extensively,

either singly or in combination with graphite. For precision forging of

certain steels and alloys, colloidal MoS2 in water, oil, or mineral spirits

hRwov been successfully used, temperature determining the choice of the

carrier [57].

(b) Sawdust is probably the first hot forging lubricant ever used. Its

function appears to be to provide a more or less continuous gaseaus film

while the breakdown products (such as carbon and resinous substances) pro-

vide some protection as a lubricant and parting agent.

(c) Chlorides, such as common salt or BaC12 used in salt-bath heating,

are occasionally applied to the die in an aqueous solution; the water evapor-

ates and the chloride, melting ,n contact with the hot workpiece, acts as a

lubricant. A number of sulfides, fluorides, phosphates, borates, silicates,

carbonates, and oxides, etc., are being investigated most of which, however,

fail to match the performance of graphite [58]. Some of these compounds form

liquid films, and are particularly useful where squeeze films can be formed,

but are likely to roughen the foiged surface.

(d) Talc and mica sometimes replace graphite in suspensions with oil.

Other solids used are vermiculite, white lead, and alumina powder which

serve as thermal barriers in closed-die forging and also possibly function as

lubricants.

(e) Solid metal films, deposited on forging blanks to prevent oxidation of

the part, also act as lubricants on account of their lower shear strength.

Examples are copper film on titanium, and silver and pure nickel on high-

strength nickel alloys. Graphite may be used for additional lubrication on

top of the metal coating.

(f) Liquid oxides such as those formed on tungsten and molybdenum also

function as hot-forging lubricants, In which case no other addlional lubricants

are used (see Section 8.23).
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(g) Glass has also been used in hot forging of steels, high-nickel 91oys,e

and titanium alloys, especially in situations where atmospheric protection

and thermal insulation a-e critical. There are, however, disadvantages in

using glass in that it can impair dimensional accuracy by being trapped in

deep recesses of dies for intricate forgings, too inaccessible for removal.

Another problem with glass lubrication is the surface damage encountered

when the temperature of the interface between the die and the workplece is

below the softening point of the glass. The large temperature gradient that

exists between the bulk of the forging and the flash further complicates the

use of glass as a forging lubricant. In addition, there is great variation

in relative sliding velocities on the surfaces of a forging; it is rather difficult,

therefore, to find a glass with a Eufficiently wide, useful viscosity-temperature

range to suit all requirements. The glass must be chosen so as not to attack

the workpiece or die surface.

(h) The canning technique used in hot extrusion (Section 8.351 finds

limited application in the hot forging of some metals. Unlike extrusion,

however, it Is difficult to obtain finished parts with the proper configuration

from canned forging blanks. For this reason, many forging plants use

proprietary Coatings, metallic spraying, or electroplating techniques. The

forging lubricant is then chosen to suit the cladding (canning) material.

9.43 Application

In forging operations, the dies are usually either sprayed or swabbed

with the lubricant after each forging and sometimes even between successive

blows on the same forging. The amount of lubricant is not only a matter of

economy; too much lubricant may be as undesirable as too little if excessive
lubrication leads to faulty products.

The method of lub.-lcant application is important. It has been shown that

spraying with a uniform layer of lubricant is preferable to swabbing. In

many cases, the method of application has been found to influence lubrication

to a greater extent than the type of lubricant used [581. Techniques have

been developed to spray the lubricant on forging dies, such as the one de-

scribed by Tolkien [59J. Automatic die lubrication also has proven to reduce

reject and rework rateb, the top die being lubricated after every strike [601
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Hot forging dies are sometimes pretreated with graphite. This is usually

done by zleaning the die surface with a solvent to remove oil or grease,

heating the die to about 100 0C, and brushing the surface %Ath colloidal graphite

in, water. After the water evaporates, the surface is buffed, resulting in high

polish and an adherent thin film of graphite. Another method is painting dhe

die surface with colloidal graphite diluted in either carbon tetrachloride or

trichloroethylene. After the fluid evaporates, a hard adherent surface is

obtained which also provides protection agaiast corrosion.

The efficiency of the lubricant system ie imi.roved if adhesion between

die and workpiece is reduced. Borcaizing of the dies has been reported as an

effective means of reducing die wear [611. Another older technique reduces

seizing (adhesion) by tempering the die under controlled conditions after

machining. The oxide layer thus formed on the dies serves as a parting

age it and also provides a bond ior the lubricant.

9.5 LUBRICANTS FOR STEELS AND STAINLESS STEELS

General information was given in previous sections of this chapter;

speAific, quantitative results of &,e effect of lubricants on forging pressure

and coefficient of friction will be given here, followed by a ditcussion of

general lubrication practices.

9.51 Experimental Studies

In the past, the principal difficulty in obtaining value3 of ooeffictent cf

friction and evaluating lubricants has been lack of sufficient pressure and

temperature in experimental setups. More recently, some relevant data have

been generatedi in various types of tests.

Laboratory Studies

Upsetting of a cylindrical specimen is one of the most common methods

used in evaluating lubricant performance, and a wide variety of daut 1i

available for hot upsetting,

Breznyak and Wallace (581 screened a large number of experimental

lubricants by upsetting 1018 steel at 1175'C. They concluded that commer-

clal lubricants containing colloidal graphite gave the best results. The

lowest friction coe~ficient (0. 13) was obtained with a high-temperature

silicone-base resin paint containing graphite. Breznyak and Wallace also

studled the "sticking" characteristics of lubricants in a punch adhesion test
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in forging. Commercially available lubricants of colloidal graphite in water

with solid additives (not specified) gave the best results-that is, the least

release load on the punch. They concluded from the available data that the

adhesion characteristics of a lubricant-die-workpiece system are not neces-

sarily controlled by the same parameters as those controlling the coefficient

of friction.

In production forging experiments by high energy rate Crawley aad

Wills [621 observed that among a great uumber of commercially available

lubricants the top ten in performance contained graphite. Seven of these had

flake graphite, one had amorphous graphite, and the other two were listed as

graphite without any designation as to particle size. The authors state that

probably the most satisfactory lubricant was a 15:1 aqueous solution of flake

graphite which was economical and efficient as a lubricant and was also

effective in die cooling.

The effectiveness of graphite lubrication in forging steel at elevated

temperatures has been shown by many workers and is well proven by indus-

trial practice. Low coefficient of friction values were obtained by, among

others, Cook and Spretnak [41i, who performed upsetting tests on 1018 steel

rings and cylinders at 980'C (Table 9.5). With dry aivils, the friction co-

efficient was of the order of 0.35-0. 38, a range of values which was also

TABLE 9.5

Data for Compression of AI3I 1018 Steel Rings at 980'C [411

Reduction Decrease in Coef. Solid Cylinders

in Height, Internal of Reduction, Stress,
Lubricant % Diameter, % Friction % kpsi

Dry 35 26 0.35 33 41.4

Dry 52 54 0.38 50 60.2

Fiske 604 35 11 0.12 33 32.1

FIske 604 53 26 0.12 50 43.0

Glass 36 7 0.105 33 36.8

Glass 53 36 0.18 50 38.6

2 in. OD, I in. ID, 0.67 in. hiigh.
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obtained by Male (631 for mild steel at the same temperature (Fig. 9.14). It

will be noted that friction shows a maximum, attributable to the changing

strength of the scale (iron oxide) film, discussed in more detail in Sec-

tion 4.28.

lstead of calculating the friction coefficient, the effectiveness of a

lubricant may be judged simply from the height reduction of a cylindrical

specimen under constant load or from the stress required for a constant

reduction in height. This method was used by Guwens [56] for assessing the

effect of three lubricating conditions on upsetting 4340 steel at 12300C. A

lubricant consisting of K[ and flake graphite appeared to be quite effective,

although at die temperatures around 1000"C the result was not different from

that.ui.de..di.y conditions.

Plane-strain tests on 4130 steel with tungsten carbide and 4340 steel

dies again showed that effective lubrication, such as is provided by a glass,

can reduce compressive stresses by one-half as compared with the dry

condition (14].

Simplified forging tests have been used extensively to evaluate lubricants

in the forging of steel, particularly those tests that measure die filling as a

criterion of the effectiveness of a lubricant. Saw et al. [64] have shown that,

in experiments with 403 stainless steel, a preparation consisting of a sodium

grease (Par'aplex G 60) containing 25% by weight extrafine flake graphite

produced the best die penetration for a billet temperature of 1175CC and die

temperatures of 3700-6000C.

660 STAINLESS STEEL -(),57

Iz / ... 0.30

to rr40 t , -O0
03O0 -MILD STEEL ei

0 -200 0 200 400 600 800 100

TEMPERATURE,OC

Fig. 9.14. Coefficient of friction in rJr~g upsetting mild steel and 18/8

stainless stteel specimens with dry, room-temperature dies (631.
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Small-Scale Production Trials

In simplified forging tests with steel, Tolkien [47] measured the total

force in the forging of a flat cylindrical wurkpiece as well as the force re-

quired for ejecting it from the lower die half. Since the forging was essentially

a flat disk somewhat similar to a gear blank, die filling was achieved mostly

by spread over the end faces (Fig. 5. 6d). The total forging force was there-

fore regarded as an indicator of sliding friction, and the ejector force was

taken as a meaaure of sticking friction. A die used for forging a part with a

concentric hub was adopted for measuring the gas pressure generated with

different lubricants. In an extension of this work a third die shape was used

for judging the effect of lubricants on die wear under production conditions [65].

Square billets of 2. 2 lb weight were preheated inductively to 11500C. The

die temperatures were in the range of 150 -200°C, and the initial striking

velocity was between 16 and 20 ips. Forging was interrupted every 500

pieces, and a lead impression was forged in the die set. This lead impres-

sion was then used for checking dimensional changes and surface finish.

The efficiency of the lubricants in reducing sliding friction was judged

from the amount by which the maximum forging force decreased in compari-

son to the unlubricated forging force. Colloidal graphite and molybdenum

disulfide applied in an aqueous solution gave the greatest (approximately 30%)

reduction in force, followed by an aqueous solution oi sodium carbonate (20%),

while colloidal graphite and molybdenum disulfide in oil gave only 8 to 10%

reduction; a polyalkylene glycol was the poorest (4%).

Sticking i. the die, as judged from the ejector force, was negligible with

aqueous graphite solutions, the ejector force amounting to about 1% of the

force required in dry forg!ng and about 15% with the other materials; poly-

alkylene glycol did not reduce sticking friction at all. Sawdust was a rather

poor lubricant for both sliding and sticking friction. Aqueous sulutions

and polyallylcne glycol gave little rise in internal pressure during forging,

but mineral oil mixtures raised presture by 70% and sawdust by 110% above

that measured without a lubricant.

In the production runs with various lubricants, the increase in the diam-

eter of the deepest part of the die cavity was used as a measure of die wear.

Sawdust ?roved to be the most effective wear-preventive agent, followed by

colloida• graphite in mineral oil; colloidal graphite in water was hardly

better than water alone. The originally smooth (80 p in. peak-to-peak
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roughness) surface finish of the dies rapidly deteriorated to apprcximately

800 to 2000,u in. finish with sawdust and went to double this roughness with

colloidal graphite in water. An oily suspension of colloidal graphite gave the

best results with a typical finish of 800 to 1 60 0 A in. (peak-to-peak roughness)

after 2500 pieces. The roughness was measured on the surface of the lead

imprint perpendicular to the direction of material flow, in a zone where

heavy sliding over the die surface occurred.

As expected from the pressure increases given by various lubricants,

unfilled edges were experienced primarily with sawdust and occasionally

with minerai oil or graphited mineral oil. A summary of the results is

given in Table 9. 6, which shows the order of merit of different lubricants

from various viewpoints. It is evident that there is no overall optimum, but

any choice involves a compromise that must be arrived at with due considera-

tion of actual production conditions.

Knauschner [66] studied geometrical factors affecting die filling during

hot forging in a simplified die, with die temperature and lubricants as major

variables. The lubricants included colloidal graphite in water, mold dressing

(of undisclosed composition), electrode carbon, and sawdust. With die

temperatures ranging from 200 to 600"C, die filllig was independent of

temperature when sawdubt was used as a lubricant. With graphite in water

TABLE 9.6

Comparative Performance of Some Forging Lubricants [47]

Die Wear
Sliding Sticking Gas (dimensional

Lubricant Friction Friction Pressure change)

Sawdust 4 4 1 1

3.6% Colloidal 1 1 5 3
graphite in water

4% Colloidal 3 3 2 2
graphite in oil

Polyalkylene glycol 5 5 4 4

17% Na 2CO 3 in water 2 2 3 5

Best performance is marked by 1, poorest by 5.
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or with electrode carbon, die filling at low die temperatures was poorer than

sawdust, but matched it at dii• tcmperatures above 3000 C. The mold dressing

was the best lubricant for die temperatures of 5000C. Interpretation of

these results is rather difficult, particularly because compositions are not

given. It is conceivable, however, that the temperature-independent perform-

ance of sawdust is due to some degree of thermal insulation afforded by this
substance.

Breznyak and Wallace [58] point out that field tests conducted on some

selected experimental lubricants (aqueous solutions of graphite, plus propri-

etary solids ianging from 5 to 32.5% prepared by commercial suppliers)

showed suostantial improvement. They promoted increased metal flow,

reduced sticking, decreased flashing and smoking, and increased die life.

However, the results were not always unequivocal, and further production

trias appear to be necessary before more definitive conclusions can be

drawn.

9.52 General Practice

A great variety of lubricants are used in the hot forging of steels. The

most common ones are graphite suspensions, oils, sawdust, and salts. Oil

and graphite suspensions are recommended for shallow impressions where

lateral flow is required [71, although this generalization is not necessarily

valid for all forging speeds and die temperatures. Because they act as

parting agents and also prevent excessive lateral flow into the flash gap,

sawdust and salts have also been recommended for dies with deep recesaes.

Colloidal graphite powder dispersed in water has been successfully used in
forging intricate shapes of steels to close tolerances [671. The choice of the

carrier is often governed by considerations other than minimum friction, as

discussed in Sections 9.41 and 9.43.

For austenitic stainless steels the most common lubricants are oiF-base

graphite suspensions, although glasses are often used for forgings involving

back extrusion. Because they do not form a scale during heating, these

steels have a tendency to seize in the forging dies, hence the choice of a good

lubricant is critical. In order to avoid the problem of carburization of the

forging, thorough cleaning before reheating is necessary [7). Lubrication

techniques for precipitation-hardenable stainless steels are essentially the

same as those for austenitic stainless steels. A smooth, thin coating of

lubricant is recommended for thin walls [681.
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9.6 LIGHT METALS AND THEIR ALLOYS

9.61 Aluminum

Experimental Studies

A considerable body of data is now available for aluminum and its alloys.

Since the temperature range of hot working sometimes extends close to room

temperature, separation of experimental data is difficult and this section

contains, by necessity, some room-temperature work too.

Under unlubricated conditions the great tendency of aluminum to adhere

to the die surface is reflected in high friction, both at room and elevated

temperatures. The calculated friction coefficients vary beiween 0. 3 and 0.6,

partly because of the method of deriving these values and partly because of

the often poor surface preparation and control of adsorbed films.

For lubricated situations, data available from various sources [35, 38,

44, 64, 69] indicate a rather close agreement in that the coefficient generally

ranges between 0.06 and 0.2 in upsetting and in plane-strain compression,

both at room and at elevated temperatures (Figs. 9. 15 and 9. 16, Tables 9. 7

and 9.8).

At room temperature, friction drops with increasing viscosity of mineral

oil lubricants, and boundary additives are very effective. In plane-strain

compression tests on aluminum-1 1/4% manganese alloy, Guminski and

z 0.28 I I T T I I I I

0
Z 0.24 1

0

t)J 0.01 4U.
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Fig. 9. 15. Effect of temperature on the coefficient of friction for

various lubricants with super-purity aluminum. L/h = 6. (1) Cadmium oxide;

(2) molybdenum disulfide; (3) molybdenum disulfide in nitrogen atmosphere;

(4) graphite; (5) graphite with cadmium oxide [691.
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Fig. 9.16. Effect of percentage deformation on the coefficient of friction

for various lubricants with super-purity aluminum. (1) Cadmium oxide;

(2) molybdenum disulfide; (3) graphite; (4) graphite with cadmium oxide (691.

Willis [70] have shown that the amount of reduction attained for a constant

load depended on the number of carbon atoms in the molecule of the luoricant

(Fig. 9.17). Reduction increased with chain length and with polarity of the

additive. They observed that, for the same number of carbon atoms,

branched molecules gave lower reduction than the longer straight-chain

molecules. Also, saturated acids and alcohols gave higher reductions than

unsaturated ones. All of these results are in good agreement with the

expected behavior. The plrcent reduction obtained with the same load

stabilized only after a -ietritus formed which would then act as solid filler in

the lubricant. However, as pointed out by Guy [711, this effect is also a

function of die surface finish; detritus Is trapped and becomes effective orly

if the direction of grinding niarka on the die is perpendicular to the major
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TABLE 9.7

Effect of Various Lubricants in Presesing 2014 Aluminum Alloy
Disks between Flat Dies [64]

Average Values for Test Series

Final Final Forging
Commercial Thickness, Diameter, Pressure, Friction(a)Lubricants in. in. psi Coef.

Silicone grease 0.103 2.2 36,000 0.16

Flake graphite in oil 0.101 2.2 36, 000 0.15

25% flake graphite + 0.095 2.3 33,400 0.13
15% MoS2 + 5% mica
in bentone grease

Colloidal graphite 0.091 2.3 32, 000 0.12
in oil

Colloidal graphite 0.086 2.4 30,000 0.11
in water

35% flakt graphite + 0.067 2.7 23, 500 0.06
5% mica in calcium-
base grease

(a)Commercially available under various trademarks.

Billet size: 1 in. diameter x 0.5 in. high. Billet temperature: 4400C.
Die temperature; 370 0 C. Load: 138, 000 lb.
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Fig. P. 17. Reduction index of various straight-chain saturated
compounds examined in the form of 2% solutions in a commercial petroleuih
fraction of 275-3500C boiling range. Material: aluminum-1 1/4% minganese
alloy (70).
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TABLE 9.8

Calculated Values of Coefficient of Friction in Upsetting Aluminum
at 400 C Using Various Lubricants [38]

Coefficient
Lubricant of Friction

Unlubricated 0.48

Mineral oil + 10% graphite 0.095

Mineral oil + 20% graphite 0.09

Suspension of colloidal graphite in oil 0.102

Ceresin 0.165

Ceresin + 10% graphite 0.093

Silicone lubricant + 10% graphite 0.18

Thermostable esters + 10% graphite:

Dioctyl propionate 0.058

Tetraphenyl phosphate 0.106

Dioctyl sebacate 0.141

Graphite + gelatine + casein + table salt + water 0.144

direction of material flow (as it would be on plane-strain compression dies

ground in their length). Guy showed that, with dies specially ground in the

direction of material flow, detritus had no effect on friction.

Although the exact variations of friction with temperature may be subject

to some uncontrolled variables, the general trends found by Tanaka et al. (35]

should serve as a useful guide. As expected, lubricants gradually failed at

elevated temperatures, as indicated by the rising friction at 200QC for the

mineral oil and at some-what higher temperature for the fatty oils and lanolin;

a stearate soap, however, was useful even at 400°C. The relative ineffect-

iveness of the E. P. additives (chlorinated paraffin) was evident, and only

aluminum stearate was capable of maintaining relatively low friction over

the temperature range investigated.

Graphite is a useful lubricant at higher temperatures, but the method of

application is important. Graphite that had been applied to aluminum alloy

or-cimen surfaces before prehe'ting (graphite powder rubbed in) proved

completely inefficient, whereas botW graphite powder and graphite powder

in an E. P. grease performed well when applied directly to the anvils [14].
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This is in general agreement with the view according to which graphite is

efficient only in the presence of a fluid or vapor but not when it is completely

degassed. A similar conclusion can be drawn from the experiments of Shaw

et al. [64] (Table 9.7); however, they also found that lubricants that had

performed well in the laboratory yielded good or poor results in actual

production depending on the shape of the forging. It is thus evident that a

single test, such as simple hot upsetting, was not able to provide a depend-

able rating of lubricants.

In plane-strain compression experiments conducted by Bailey and

Singer [69], a mixture consisting of graphite and cadmium oxide was most

effective (Figs. 9.15 and 9.16). The beneficial role of cadmium oxide is

explained in terms of a parting agent, inhibiting the pressure-welding of

aluminum to the dies at elevated temperatures. At this stage it is not easy

to explain some of the variations noted with temperature and progressive

deformation. It is speculated that the reduction in friction with increasing

deformation beyond about 75% could be due to metal ur oxide debris acting

as rollers.

Simulated forging studies by Shaw et al. [641 utilized the height of filling

a rib in a trapped die as a measure of friction (Fig. 5.6a). The results

obtained, shown in Table 9.9, indicate that oil-base lubricants produced

better die filling than water-base lubricants. Die filling was greatly im-

proved by pretreatment consisting of etching the billets in sodium hydroxide,

then dipping them in aqueous colloidal graphite before heating and forging.

Polytetrafluoroetayiene (PTFE) applied to cold dies prior to heating them

produced better die filling than the commercial lubricants; however, the

substance generates toxic fumes if heated to 400 0 C or higher. It is not

known whether PTFE has found industrial use.

The force registered on ejecting a simple forging from a cylindrical d-e

cavity (Fig. 5.6e) has also been investigaged [361 as a measure of lubricant

effectiveness. Vuriables included the degree of deformation, depth of die

cavity, size of contact area, and draft of the cavity. Ejection force varied

considerably with the type of lubricant used; oleic acid gave the lowest

ejection force and no lubrication gave the highest, as expected. Die cavity

depth and contact friction area between the die ad the workpiece have, on

the whole, little irfliuwnce on adhesion f;ce within the range studied. The

draft angles ranged from 3 to 9", and it was observed that the adhesion force
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TABLE 9.9

Influence of Various Types of Lubricants on Depth of Fill
in a T-Shaped Die with Aluminum [64]

Average Depth
of Fill, Surface Coef. of,Lubricant(a) in. Condition•-, Frtctioa• )

G•'aphite Suspensions

Flake graphite in oil:
260 C dies 0.78 A -

37 0 C dies 1.42 A 0.15

Colloidal graphite in oil 1.45 A 0.12

Colloidal graphite in water 1.19 C 0.11

Flake graphite in water 1.25 C -

Flake graphite + mica in 1.64 C 0.06
calcium-base grease

Molybdenum Disulfide

MoS2 in oil 1.28 B 0.10

MoS2 + mica in calcium- 1.51 B 0.09
base grease

Greasea

Soapless grease 0.94 A 0.17

Silicone grease 1.10 B 0.16

Grease-type, cold-forging 0.94 A 0.17
compound

Billets Etched in Caustic, Dried,
and Dipped in Suspensions of Graphite

As coated 1.20 B

Graphite in oil 1.87 AA

Graphite in water 1.51 A

(a)Lubricante were applied by spraying except where noted.

(b) arface ratings: AA - no scoring; A - slight scoring on radics;

B - slight scoring on surface; C - severe scoring on surface.

(C)Determined by disk-forging method.

Ally: 2014 aluminum. Forging pressure: 46,000 psi. Div temperature:
370 C ",dess otherwise noted. Forging temrperature: 440"C. Billet size:
1 in. diameter x 1 15/36 in. long.
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decreased with increaring draft angle for all lubricants tested, as predictable

from elementary czmiderations.

General Practice

Many p,,prietary hlbrlcants are used for hot forging aluminun. These

usually contain soaps, fatty compounds, and graphite in water or oil base,

including compounded medium-viscosity oils [63, 72].

Graphite-base lubricants have serious disadvantages for aluminum and

magnesium: Graphite particles imbedded in the surface may cause pitting

and corroskon.

In general., graphite suspensions applied by &praying to the die are pre-

ferred for press forging [7]. For hammer forging, water-soluble soaps are

frequently applied to the die by swabbing. A porous conversion coating on

the surface of aluminum can be produced by dipping the blanks in a caustic

(10% NaCH) solution. The forgings are then dipped Into a colloidal grapbhce

dispersion Pnd left to dry. This technique has been found to eliminate galling

and seizing. However, if the forgings are not cleaned, they may begin to

corrouie,

A great variety of commercially aval..tble lubricants for cold and hot

forging of aluminum are given in Reference 73. For forginga that are to be

heat-treated before machining o0 use, it is important tCat residues of the

lubricant should evaporate without staining; otherwise, costly cleaning would

become necessary. .4 detailed discussion of staining will be foand in Sec-

tion 6.52.

9.62 Beryllium

In the early stages of development beryllium hau been forged by Jacket-

ing in 1/2 in. tluck steel to reduce tensile stresses and prevent rupture. In

addition, steel Jackets minimize toxic effects at high temperaturee and also

protect fhe workpiece against oxidation [74]. However, because of cost and

surface quality considerations, attempts have been made to forge unclad

beryllium, and it has been shown that it is feasible to do so. A proprietary

solid lubricant Lvu been uced in one case [741. In another study [75], the

bilet was lubricated with Phosphatherm RPN (doscribed in Section ! 34) and

the die with MOS2 dispersed in a graphite-in-oil baae, applied by spraying.

These lubricants wore regarded as being satisfactory. Borax may also be

used as a solid lubricant that melts on contact with the hot billet. In another
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study [76] the billet was lubricated with proprietary coatings (probably glass)

and the dies were coated with an unidentified forging compound, with varying

degreec of success.

Beaver [77] has suggested that greases, colloidal graphites, MoS2, or

mixtures thereof can be used in working beryllium below 540 0 C. Above this

temperature, metal lubricants such as silver, nickel, or copper may be used,

these being either - ,.tyea oi electroplated. Frits, glasses, and salts can be

used at still higher temperatures to a maximum of 760 0C, according to the

toxicity of oxides.

9.63 Magnesium

Experimental Studics

Data on experimental studies with magnesium are rather scarce.

Male [63] has used the ring upsetting test to obtain the coefficient of friction
0

in forging magnesium up to 600 C under dry conditions (Fig. 9.18). Fricticn
first Increases and then decreases with temperature; as stated earlier (Sec-

tion 4.28), a number of mechanisms may be responsible for such behavior.

The initial rise must be attributed to desorption of gas and water vapors,

while friable oxide films formed at higher temperatures reduce friction.

Shaw et al. (64] performed die filling tests with a magnesium alloy at

360 C and studied a number of lubricants. The results (Table 9. 10) show

70

* Zn, -0,57
0 60

050 040

S40 / b b

S30W. 0.15
LU

0200

0 200 466O 0

TEMPERATURE, -C

Fig. 9. 18. Variation of coefficient of friction with temperature in dry,

ring upsetting tests on three materials. Dies are at room tempersture.

Ireduction: 50% [631.

LI
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TABLE 9.10

Influence of Various Types of Lubricants on Depth of Fill
in a T-Shaped Die with Magnesium [64]

Average Depth
of Fill, Surface

Lubricant(a) in. Condition

Die Lubricants Only

Flake graphite In oil 1.11 A

Colloidal graphite In oil 0.92 AA

Colloidal graphite in water 1.44 B

Graphite + MoS2 in water 1.62 AA

Billets Precoated, Dies Sprayed
with Oil-Flake Graphite Suspension

Billets vapor-blasted and dipped 1.87 A
in aqueous colloidal graphite

Billets degreased and dipped in 1.76 C
aqueous colloidal graphite

Billets etched in acetic acid, 1.86 A
rinsed, and dipped In aqueous
colloidal graphite

(a) Lubricants applied by spraying, except as otherwise noted.

(b)Surface ratings: AA - no scoring; A - slight scoring at radius; B - slight

scoring on surface; C - severe scoring on surface.

Alloy: AZ80 magnesium. Forging pressure: 46, 000 psi. Die temperature:
260 C. Forging temperature: 360 C. Billet size: 1 in. diameter x 1 15/16
in. long.

that the beat lubricant was a mixture of graphite and molybdenum disulfide

in water; pretreatment of the billet surface gave no improvement.

General Practice

The most common lubricants used in forging magnesium are water-base

colloidal graphite and lampblack applied directly by an oil or kerosene

torch [7]. To reduce friction in critical areas in the die -avity, light oil

suspensions of graphite are used. To avoid corrosion, the graphite should
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be removed completely after forging. Molybdenum disulfide has also been

tried, but was found difficult to apply in a uniform coating [55].

Staining (brown staining) by the lubricant can be a major problem In

forging magnesium [57]; thus, care should be exercised in selecting a non-

staining oil (typically, a narrow-cut mineral oil of low boiling temperature)

as a carrier. Graphite can also prove troublesome to remove. Removal by
chemical action oan result In pitting and surface deterioration. Because they

promote rupturing, lubricants such as greases and oils are seldom used [7];

the reason for and the absolute validity of this observation could not be

assessed.

9.7 COPPER AND ITS ALLOYS

9.71 Experimental Studies

Copper and also brass show a remarkably steady and low coefficient of

friction even when unlubricated; values of 0.05 to 0.10 were found by

Takahashi and Alexander [44] while somewhat higher (up to 0.2) friction

values were recorded by Tanaka [35]. In experiments up to 4000 C, friction

was found to increase but without serious lubricant failure [35).

In unlubricated ring upsetting tests on copper and its alloys Male [63]

reported a decreasing friction coefficient for copper above 600 C (FIg. 9. 19),

attributable to the softening of the copper oxide. In contrast, friction rose

with temperature on the brasses, leading to the considerations discussed in

Section 4.28.

In another test, Male has shown that lubrication affects the maximum

reduction in height obtainable without cracking in compressing cylindrical

specimens of brass at 450 0C (Table 9.11). A comparison of data in Table

9. 11 and FIg. 9.19 for the same temperature of 450 0 C indicates the marked

effect of die surface finish on friction [78]. Similar observations have also

been made by Latham et al [9].

9.72 General Practice

Oils containing graphite are used in hot-working copper and its alloys.

Water -base graphite dispersions are also used successfully for brasscs and

bronzes, the lubricant being applied by spraying [57).
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Fig. 9.19. Variation of coefficient of friction with temperature in dry,
ring upsettLig tedts on copper and various brasses. Reduction: 307. Dies

ground to 20pin. AA, room temperature [63].

TABLE 9. 11

Maximum Deformation of Forged Cylinders before Cracking

Reduction Approximate
in Height, Coefficient

Condition % of Friction

Dry 44 0. 25-0.3

Lubricated 67 0.06-0.07
(graphite dispersion)

Data by A. T. Male, cited by Rowe [7E.].

3/4 in. high, 9/16 in, diameter cylinders of 70/30 brass,

deformed at 450" C.
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9.8 TITANIUM AND ITS ALLOYS

9.81 Experimental Studies

Under dry conditions the coefficient of friction of titanium remains con-

stant around 0.5 (Fig. 9.20) regardless of temperature, indicating sticking

in both ring upsetting [63] and plane-strain compression tests [14]. As is

well known, titanium has a great tendency to adhere and stick severely to dies.

Fig. 9.20 indicates that molybdenum disulfide applied on the dies has reduced

friction at elevated temperatures. Low shear strength solids placed between

specimen and platen (discussed in Section 3.47) have been found effective in

reCucing friction [79].

In die-filling experiments with unalloyed titanium [64] a variety of lubri-

cants and glasses were used. Some of the data indicated that a light scale on

the billet resulted in better filling. The best results were obtained with

billets heated in a salt bath and then forged with a die lubricant containing

flake graphite in oil. However, it was observed that the frozen salt in the

corners caused underfilling and that the billet seemed to be attacked by the

molten salt.

70
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Fig. 9. 20. Variation of coefficient of friction with temperature in ring

upset ting of titanium with dies at room temperature. Reduction: 50%. Press

speed: 2 ips. (1) No lubricant; (2) boric oxide, melting point 577 0C;

(3) g~raphite on specimens; (4) graphite an dies; (5) molybdenum disulfide

on specimens; (6) molybdenum disulfide on dies [50).b m ~~~~~~~~~~~ii i i i=). m •l.-•, i• ,.
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9. 82 General Practice

Titanium billets form an adherent scale during heating which is abrasive

and causes rapid die wear. Common die lubricants are colloidal graphite in

mineral spirits or water and soot from partially burned kerosene (7, 80, 81].

They are often sprayed, particularly for intricate die geometries. For

simple shapes the lubricant is applied by swabbing.

Glass-type coatings have also been developed which provide protection

of the billet against oxidation as well as lubrication. The glass powder is in

a lacquer and is applied by spraying [80]; the lacquer holds on the glass until

molten.

9.9 NICKEL- AND COBALT-BASE ALLOYS

The most common libricants are mixtures of graphite and oil. Some-

times tar is used as a carrier; it sticks to the dies better initially and does

not burn quite as fast as oil. Lubricants containing MoS2 and other compounds

of sulfur are harmful because sulfur diffuses into the grain boundaries und

causes hot-shortness. In the hot forging of superalloys seizing and galling

can be a problem since no oxide layer of lubricating or parting function forms

on heating. It has been suggested that the previously mentioned controlled

oxidizing of the die (Section 9.43) is beneficial.

Other lubricating materials which also help to minimize the chilling

effect of cold dies are glass, mica, sawdust, and asbestos, all of which have

been used with varying degrees of success [32]. Because they insulate as

well as lubricate, glasses are particularly useful for alloys that have a nar-

row forging temperature range.

9.10 REFRACTORY METAL ALLOYS

9.101 Molybdenum

The lubricants reported for forging molybdenum include graphite, MoS 2 ,

and glasses. Since the melting point of molybdenum oxide W0M3 ) is 795'C,

it is an excellent lubricant [7, 83). MoS2 has been found to produce good

surface finish but is useful only up to about 400 0C, unless contact times are

short (84, 851. Both graphite and MoS2 have been reported as suitable die

lubricants for small forgings. Carbon contamL:-tiou must be avoided,
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however, or carbides will form. To reduce oxidation losses and to insulate

the workpiece from the forging dies, glass-type lubricants are also used on

large forgings,

9.102 "antalum and Columbium

Primary working temperatures for most of these alloys are between

1200 and 1750 C. Subsequent working is performed in the range from room

temperature to 1250 0 C. Some of these alloys are not forgeable in the cast

condition, hence they are first extruded and then forged [83].

Atmospheric contamination is a problem in heating the blanks prior to

forging. Two types of coatings have been successful for billet protection:

glass and metallic. Proprietary glass coatings, some with borosilicates,

have been used for moderate protection ur, to 204000 [7]. Protection has

also been obtained by hot-dipping tantalum alloys (Ta-lOHf-5W and Ta-3OCb-

5V) in Al-12Si alloy at 900*-930'C for about 10 min. It is reported that 55%

reduction in forging has been achieved at temperaturcs between 11750 and

1350 C [861. A 50AI-50Sn coating has provided good protection for Ta-10W

alloy samples up to 1650 0C. Although these coatings provide the best oxida-

tion resistance, they are generally poor lubricants [7]. Thus, glass coatings

appear to be preferred as they offer both lubrication and protection.

There are several common protective atmospheres available in furnaces.

A disadvantage is that the billets are not protected during forging. If re-

heating of the forging is required, the oxide layers that were formed during

forging will diffuse into the surface unless removed before reheating [83].

Short heating times, the use of a recrystallized billet, and bare forging have

been suggested for some tantalum alloys [87].

9.103 Tugsten

A variety of forging lubricants are used for tungsten. An effective

lubricant is tungsten oxide (WO3 ), with a melting point of 1473"C; this be-

comes molten aad volatilizes at forging temperatures (7]. To lubricate the

dies and to act as parting agents, mixtures of graphite and MoS 2 are sprayed

on the dies, resulting in good surface finish of the forgings. Carbon con-

tamination must be avoided; otherwise carbides will form.
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Some forging companies favor materials which act as insulators rather

than as lubricating materials [83, 88]. Those reported are mica, asbestos,

glass wool, glass cloth, and sawdust. Sawdust is said to have the advantage

of not fouling the die recesses, unlike other lubricating materials. Although

glasses reduce oxidation and are good insulators and lubricants, they have

the disadvantage of producing rougher surfaces and also collecting In the

crevices of dies, thus preventIng comp!ete die filling. Hence, glasses are

used mostly for simpler forging operations.

Greases and graphite suspensions have also been used; it is suggesAed,

however, that such "slippery" lubricants can sometimes accentuate cracking,

particularly in thin sections [83].

9. 11 SUMMARY

This review on forging lubrication Indicates quite clearly that successful

practice requires a careful balance of a great number of variables-among

the more important ones, billet and die materials, temperature, speed,

surface finish desired, dimensional accuracy, in addition to factors such

as economic considerations. In spite of the fact that forging is one of the

most ancient technologies, it is evident that the search is still on for a better

lubricant than the ones presently available. As we have seen, the performance

of any one lubricant will vary iepending on test or production conditions; it

is little wonder, therefore, that no -ingle lubricant will satisfy all require-

ments to the fullest extent.

While considcrable data are available on the effect of lubricants on

compresEive-type deformation processes, kmowledge of the complex inter-

relationship between the lubricant and other process and material variables

is far from being complete. We find, for instance, that the coefficient of

friction-an important factor in determining force requirements and material

flow characteristics-is highly dependent on so many variables that it is

virtually impossible to make any generalizations. Some of the variability of

results is probably due to ill-defined experimental cot Jitions and, in partic-

cular, to the presence of adsorbed films and surface contamination. It is

both interesting and, at the same time, somewhat disturbing to observe that,

despite the great variety of lubricants and new compositions tested, graphite

suspensions in water, oil, or grease still seem to be by far the most effec-

tive lubricants for most applications ih hot Forging.
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Earnest efforts are no doubt being made to simulate more fully actual

forging operations in laboratory tests. However, it appears that this is

practicable to a limited extent only; thn only fully convincing results would

be obtained in full-scale tests under actual conditions. Unfortunately, these

are not always easy to perform as they involve considerable expense and

occupy equipment for rather lengthy periods; great difficulties are also en-

countered in making these tests sufficiently versatile as far as the number

of variables Is concerned. No doubt substantial data of a proprietary nature

exist which could not be obtained and included in this chapter. There is

reason to believe, however, that much of this information concerns techniques

rather than lubricant composition-it is highly unlikely that the nature of

such successful lubricants would escape the knowledge, interest, and atten-

tion of investigators in lubrication, some of whom would eventually publish

their findings in the open literature.

It is hoped that research in forging lubrication will continue with closer

approximation to actual conditions and with as many of the important vari-

ables as possible included. Interpretatioa of the results should be made

within the framework of the particular experiments coneicted with due cau-

tion regarding the range and number of variables employed. It appears that

those who seek specific answers to specific lubrication problems in forging

will still have to make a rather careful and judicious selection o0 the data

available. The purpose of this chapter has thus been to present, as far as

poseible, a critical review of these data, both to highligh; the important

findings and to serve as a reference source for further investigation.
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10.1 INTRODUCTION

A wide variety of operations is encompassed by the terms cold forging

and cold extrusion. Usage is somewhat variable from country to country;

according to Feldmann [ 11, the current usage of the term cold forging In-

cludes cold shapisg, extrusion-forging, cold extrusion, impact extrusion,

and tube extrusion, as well as upsetting, piercing, indenting, and coining.

These processes are by no means new; the reverse extrusion of cans Js

considered to have originated in France in about 1886, while the Hooker

process (forward extrusion of tubes) waE patented in the U.S.A. in M9.

However, for many years it was possible to work only lead, tin, zine,

aluminum, and their alloys by these methods. The most important advance

came in 1934 when Singer [2] developed a phosphate coating as a lubricant

carrier, which enabled steels to be cold extruded. Prior to this, actempts

at forming steels by cold extrusion resulted in severe damage to the tools

and workpiece, making the process uneconomical. During World War II the

process was employed extensively in Germany for the manufacture of

munitionls, and immediately afterwards there was widespread interest in it

for production of small components where substantial savings over conven-

tional production techniques were possible.

These conventional practices involved either hot forging and subsequent

finish machining or, even more expensive, production of tl'• part entirely

by machining, possibly with a heat treatment stage prior to finish machining.

There are several advantages which the cold forging process offers over

these rlternatives. Firstiy, substantial material savings may be forth-

coming (31 because closer tolerances can be held than in hot forging, and

the smooth scale-free surface produced seldom needs further machining.

Additionally, there is little or no flash produced in the process. Secondly,

a cheaper steel may be employed, since adeouate strength Is often gained

from work hardening. And, finally.. even 'Jiougii very high forming stresses

(up to 300 kpsl) are involved, tool life ofteiz increases since thermal fatigue

does not occur.
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These advantages must be carefully weighed against other points, the

most important of which is economics: tool and development costs will be

high, and a substantial capital investment in Muitable presses, phosphating

lines, and auxiliary equipment will be required. This means that a relatively

high number of components must be produced so that these costs can be

absorbed. Of course, the exact number at which cold fcrging becomes

attractive varies not only from, one part to another, depending upon their

geometry and the material employed, but also from company to company,
and from one region to another, since both labor costs and overhead will

vary too. An assessment due to Clapp [41 is shown in Fig. 10. 1 for produc-

ing a synchronizing gear unit, both by hot and cold forging techniques. More
generally, Wilson [5] has given figures of 3, 000 for heavy parts and 10, 000
for light ones as representative of economical batches for cold extrusion and

based this upon a range of component weights between a few ounces and 20

pounds. Several other economic evaluations [6-81 arrived at similar conclu-

sions.

It is thus apparent that cold forging will become increasingly widespread

in an age where so many items are mass produced. Although most of the

above assessments have been directed to carbon steels which have far wider

application than any other medium- or high-strength material, the arguments

•I I I 1 I i1II1 I I1111 11

90 0 COSTOFMAHINING FROMMOTFORGING
A COST OF COLD EXTRUSION AND FINISH MA0HINING

~60 --

U 50

40 r I I I I I I~ I Iir
1 2 3 4 5 7 10 20 30 4050 70

BATCH 3iZE, X 1000

Fig. 10. 1. Comparative unit cost curves for fabrication of a

synchronizing fear unit [4].
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may be extended to other materials. It is also apparent that the field of cold

extrusion is closely linked with and, indeed, is at present largely dependent

upon the success of chemical conversion coatings.

This chapter will first discuss the friction and lubrication aspects of cold

forging and extrusion, including hydrostatic and ultrasonic methods, before

considering the lubricants employed in the cold forging of specific materials.

10.2 FRICTION AND LUBRICATION EFFECTS

10.21 Lubrication Mechanisms in Co i d ForgJig

The general area of cold forging presents a wide range of lubrication

conditions and requirements. In all instances, however, high production

rates cause the dies to heat to 1000 -2000 C, and the I',bricant must function in

the environment presented by these temperatures an,.ý, -he high interface pres-

sures. Although there have been no systerrm.atic examinations of the mecha-

nisms existing in these specific processes, three operations adequately de-

scribe the variety of situations (Fig. 10. 2).

In the simplest cold forging operation, that of ýisetting, two regimes

exist. If a viscous lubricant is employed, this is trapped as relatively thick

film covering most of the workpiece/die interface (Fig. 10. 2a), while boun-

dary conditions exist at the specimen edge. Therefore, optimum lubrication

is achieved by a lubricant having both viscous and boundary properties (for a

more detailed account see Section 9.22). Th'ts type of lubrication occurs only

under certain conditions of geometry, pressiug speed, lubricant viscosity,

and workpiece yield strength. In practice, such lubrication may be encoun-

tered in simple cold heading operations and, to some extent, in coining.

In the forward extrusion of a bar by the more conventional techniques

(Fig. 1 0. 2b), the lubricant generally encounters severe conditions since a

thick lutricant film cannot easily be maintained. The surface of the slug is

greatly 2xtended as it paoses through the die and, in order to prevent metal-

to-metal contact, it is necessary for the lubricant to follow this surface ex-

tension. The lubricant must, therefore, be strongly adherent to the surface,

ancl able to thin out without localized failure under high pressures. Howevar,

if a conical die is used and the lubricant is viscous enough, the lubricant

itself may be extruded, thereby ensuring good separation of die and workpiece.

In this instance, the adherence of the lubricant to the workpiece surface is
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PI
BOUNDARY
CONDITIONS (a)

TRAPPED
LUBRICANT

(b)

LUBRICANT
LAYER

P W

Fig. 10.2. Approximate distribution of lubricant in (a) upsetting, (b)

forward extrusion of bar, and (c) backward extrusion of can.

less important, although an adequate amount of lubricant must be pro-

vided so that the entire extruded product is protected. Whenever the shape

of the extrusion permits, a conical or tapered die is used to take advantage

of the less rigorous conditions it creates.

Conditions are far more severe in the backward extrusion of cans (Fig.

10. 2c). Whereas in the forward extrusion of bars lubricant trapped at the

die awid on the cylindrical surface of the billet is available to provide pro-

tection for the extruded product, in backward extrusion this protection must

come from the lubricant located initially under the punch. This limited

lubricant supply is required to follow the development of the new, Internal

surfaces without rupture.

The requirements of both forward and reverse extrusion are best satis-

fied by a coating which may te either a soft metallic layer (such as tin or

copper) or, most frequently, a chemical conversion coating in conjunction

with a lubricant, The conversion coatings have the advantage of lower cost

and better bonding to the surface; not only is there a chemical bond between

metal and coating, but the possibility of reacting the lubricant with the
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coating also exists. In this way, surface extension is followed without wiping

off the lubricant and without squeezing it out by the high pressures required

for deformat!on. In a sense, lubrication is similar to that provided by soft

films, although hydrodynamic effects are possible when the lubricant is

applied in excess, and the conversion coating may perform the function of an

effective (but sometimes abrasive) parting agent.

Conversion coatings are most important in the cold extrusion of high-

strekigth materials such as carbon, alloy, and stainless steels and alloys of

titanium, zirconium, and nickei. In upsetting or cold heading, such pro-

tection is sildom necessary, and E. P. lubricants may be adequate. Finally,

extrusion of lower strength materials such as copper and aluminum can be

performed satisfactorily with lubricants such as lanolin, tallow, or soap,

which provide a relatively thick film for prevention of metal-to-metal contact,

or with E. P. lubricants.

It is often feasible-at least under experimental conditiout-to arrange

for entrapment cf lubricant in ,le nrire severe processes, thus eliminating

the need for conversion coatings. In forward extrusion, for example, Kudo

and Talkhashi [91 have succeeded in reducing the extrusion pressure by using

a cylindrical billet with a flange at the punch end, thereby enabling lubricant

to be trappeJ in the clearance between the billet and the cylinder vi"

Lubricant is then fed under pressure to the die/workpiece interface, and the

resultant development of thick film conditions reduces friction coosiderably.

The same effect can be obtained by allowing a clearance between the cylinder

wall and the billet along its entire length, and trapping the lubricant with a

close-fitting follower block. Here, also, there is appreciable reduction in

frIction both on the die and at the cylinder wall. This method may have some

of the benefits of hydrostatic extrusion, without the need for expensive equip-

ment, and may either be termed quasi-hydrostatic extrusion, or billet-

augmented extrusion (see, for example, ref. 10).

Kudo et al. [111 have applied the principle also to a piercing process.

By using a punch with a conical end face and by premachining a recess at

the end of the billet, considerable quantities of lubricant could be trapped

between the punch and the billet. Pressures observed in piercing aluminum

and steel could be reduced by 20 to 30% in this way.

There aý-e operations in which lubricant entrapment is undesirable. Fur

example, the presence of excess lubricant should be avoidtd in coining.
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Here, die filling is of prim. importance, and the accumulation or entrapment

of excess lubricant in corners or recesses will lead to incomplete filling of

the die tn these regions, with the result that the product must be rejected for

lack of reproduction of the die impression. It is essential, therefore, that

minimum quantities of lubricant be used in this operation and that the lubri-

cant have no tendency to bulid up on the dies.

10. 22 Effects and Properties of Conversion Coatings

Chemical conversion coatings are available for several ferrous and non-

ferrous metals and alloys, but experimental investigations of coatings have

been limited to the phosphate coating applied to carbon steels. Nevertheless,

it is reasonably certain that the conclusions derived from these experiments

can be extended to the oxalate and fluoride-phosphate coatings used for stain-

less steels and nickel and titanium alloys, as well as to other phosphated

materials. These coatings were previously discussed in Sections 4.4 9mcn

7.31.

Evidence on the desirable phosphate film thickness is somewhat contra-

dictory. Pugh et al. [12] found in the forward extiusion of En2A steel

(Similar to SAE 1010 steel) that coating weights between 250 and 3000 mg/sq

ft gave only 5% total variation in extrusion load, and the slugs with the lightest

coat consistently required the lowest maximum pressures. Similariy,

Howard et al. [131 observed very little variation in extrusion pressures with

phosphate weights varied between 700 and 8400 mg/sq ft.

In contrast to some plant experience, this would suggest that heavier

coatings do not necessarily give improved performance. Confirmation is

given by James [141 who also noted that too heavy a coating is not only ex-

pensive but could cause buildup of excess lubricant in the tooling. Similar

observations were made by Samanta [15]. The Production Engineering Re-

search ,asociation (PERA) of Great Britain have obtained results sug...ti ig

that unduly heavy coatings might be associated with increased wear of ex-

trusion dies, whereas lower weights gave a higher incidence of punch crack-

ing, but the tests apparently were not extensive enn-u'h to be ,conclusive [16].

In any case, it must be ensured that the coating is thick enough to provide

complete coverage of the extruded part, so that adhesion and pickup are

avoided.
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Pugh et al. [12] also found that when working with L coating weight of

2000 to 2500 mg/sq ft, but with a finer crystal structure than in previous

tests, lower extrusion loads were developed, though the difference was

small. Further experiments showed that there was no apparent variation

in surface finish attributable to different coating weights. Thus, although

small differences in load could arise Loom varying the phosphate thicknesses,

Pugh et al. concluded that tenacity and uniformity of the coating are probably

more important, although these properties are not easily measured.

In this respect the condition of the steel sut'face prior to phosphating

might be important. Hot-rolled (black) bar is always a cheaper stZ.rting

material than bright drawn bar but, apart from the better finish of the cold

drawn product, it is also of interest to know if the surface condition has any

effect on the phosphating operation. James [14] prepared mild steel slugs of

both types in an identical manner and phosphated them by two methods: first

in t zinc phosphate solution containing a negligible amount of ferrous ion•"

secondly, in a zinc phosphate bath containing some ferrous ions. Normally,

heavier coatings are produced in the latter type of bath. The average coating

weight on black bar was more than 70% greater with the iron-free phosphating

solution than that on bright drawn bar and about 80% greater with the iron-

containing solution. How- ve:-, the practical importance of this difference is

rather limited, since in most cold forging operations the most severe condi-

tions are imposed upon the end faces of the cylindrical slugs where the

lubricant must resist extensive thinning. From Figs. 10. 2b and 10. 2c it is

also apparent that the lubricant on the cylindrical surface of the slugs is

exposed to much less severe conditions. Since the slugs or blanks for cold

forging are cropped from bar, their end faces are always in the same condi-

tion, ard the properties of the coating on the end faces will not be d~ependent

upon the suL'.ce condition of the original bar stock.

James [14] has also described tests which show the dimensional changes

when steel is phosphated. In all cases observed, the dimensional loss due

to pickling was almost exactly balanced by the gain due to staadard phos-

phating and sodium stearate lubrication treatment.

2 L
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Morgan 17] attempted to improve lubrication conditions in cold ex-

trusion by phosphating the wearing surfaces of the tool set. This required

a processing sequence entailing degreasing, etching in hot sulfuric acid, and

subsequent wiping with white (mineral) spirits prior to phosphating. There

was no reduction in backward extrusion load from this technique, but Morgan

noted that the greater freedom from metal-to-metal contact provided by

c.•ating the tools would be of btnefit. The major reason for not recommend-

ing such practices was that the tools lost their high polish, and thus it

became difficult to slide the finished product off the punch. With polioned

tools this did not occur, and the component remained in the die. Removal

was then simple. Similar results were found when the tools were oxalateL.

This technique is, in any case, unnecessary provided that the coating

on the extrusion slug does noL become so thin as to allow intimate contact

of iie and workpiece metals. This depends upon the thickness of the phos-

phate coat and on the surface extcnsion of the most severely worked slug

surface. The extrusion configuration is also important since in forwaid

extrusion more of the phosphated surface comes into coutact with the tools

than in backward extrusion, where locaL thinning may become severe.

,Several techniques have been developed for measuring surface extension

and thinning of films. PERA [18] investigated the effect of punch profile and

reduction in area in backward extrusion. Surface extension and the thinning

of the phosphate coat were measured by scribing circular marks on the flat

end face of the slug prior to extrusion, and determining their position at the

inner wall of the component after the extrusion operation (fig. 10. 3). The

results indicated that there was much greater extension of the surface when a

hemispherical or conical, rather than a flat-ended punch was used (Fig.

10.4). Therefore, phosphate thinning would be correspondingly greater.

(In thli• connection, Cockcroft [191 has noted that the phosphate coat can

extend to 17 times its original area while remaining intact.)

It was seen in the same work [181 that, for any given punch penetration,

flat profile punches retained relatively more phospha.e-lubricant coating at

lower reductions than at higher r-eductions, while the reverse was true for

hemispherical punches (Fig. 10. 5). This indicates that with t flat profile

pu-nch, less lubricant is supplied to the walls of the can, so that lubricant

breakdown at the punch corner is much wor2 likely. Ik ith the hemispherical

punch, there is a greater tendency for metal to slide across the punch .nd,
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(o) SLUG (b) EXTRUSION

Fig. 10.3. Position of scribed circular mark (a) on slug before ex-

trusion and (b) on the extruded product, to allow measurement of surface

extension [18].
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Fig. 10.4. Effect of punch profile on surface extension on the int.>le wall

of an extruded steel can after 76.5'r reduction in area [181.
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Fig. 10.5. Effect of reduction in area on the relative thickness of

phosphate-lubricant coating remaining under the punch face after 76.5% re-

duction in area of a steel slug of 0.63 in. diameter [18].

while there is greater lubricant thinning, much more luoricant is also sup-

plied to the walls of the can and pickup can be more easily avoided. Unfor-

tunately, the flat-bottomed can is much more frequently required in pro-

duction than one with a hemispherical bottom, so it is more likely that some

design compromise (for example, a shallow conical profile with a generous

corner radius) will be made to prevent pickup.

These results compared favorably with the distribution of rcdidual

lubricant on an extruded can (Fig. 10. 6) as determined by gravimetric

methods [141. Although neither of these methods of cetermining residual

thickness is accurate, they can give a realistic picture of relative thicknesses.

Radiographic methods are more accurate; for instance, i adioactive phos-

phorus can be incorporated in the phosphate coating. This system was 3uc-

cessful for determining the effect of various iubricants on thinning ot the

phosphate coat in wire drawing (Section 7.4. and it has been employed to

ascertain what percentage of the original phosphate coating was retained over

the entire surface of an artillery shell extrusion. This was found to be 89% of

that originally deposited [20,. Experiments conducted by the Cold Extrusion
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Fig. 10. 6. Distribution of residual lubricant film on a backward ex-

truded can [14].

of Steel Group of the Institute of Sheet Metal. Engineering (U. K.) have also

proved that the radioactive tracer technique of measuring initial and residual
surface coatings is far more accurate than alternative methods (211.

Since the nature of the phosphate coating is not unlike that of the oxalate
and fluoride-phosphate coatingS, it can be expected that these findingo will be

applicable to most of the commonly used conversion coatings.

10.23 Lubrication in Hydrostatic Extrusion

Hydrostatic extrusion is a relatively new technology, and there is cur-

rently considerable interest in it as a means for extruding brittle materials
and for achieving large reductions in more ductile ones. The billet or slug is
surrounded with a pressurized liquid (Fig. 2. lhf) instead of with a container
and a punch. Thus, the container wall friction is eliminated and, according
to Pugh [221, extrusion pressure is further reduced by efficient lubrication at

the die/workpiece interface. For example, it was concluded at NEL 1231 that
a film of pressure-transmitting liquid was dragged along by the moving
metal during extrusion. The efficiency of this lubrication was judged by the

fact that there was no difference either in extrusion pressure or in .,,rface
appearance of the extruded product in the hydrostatic extrualon of steel

billets both with and without prior ,'hosphate coating. A mathematical treat-
ment of hydrodynamic effects ix hydrostatic extrusion has been made by

Hillier [24],
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It is doub'dul, however, that a fluid film alone would suffice. As ob-

served by Bobiawsky r251, lubrication other than by the pressurized fluid

(unless this happens to have lubricating qualities) is required to overcome
the tendency for galling between die and workpiece which occurs in the initial

stages of fluid extrusion. Thus, even though the fluid film conditions can be
improved at the start o' the piocess by providiDg a small initial area between
die and workpiece (with a workpiece nose angle smaller than the die angle) or
by pumping rapidly so that the extrusion pressure is raised quickly to its
operating value, deliberate addition of boundary lubricants to the fluid or to
the surface of the billet is mandatory.

Fiorentiao et al. [261 and Pugh and Low [27] have considered the princi-

ples of lubrication in such systems. The pressurized liquid on its own is
normally satisfactory as a lubricant only when extruding low-strength

materials at low extrusion ratios. A low-viscosity fluid is preferred for

transmitting pressure from the pump or plunger and converting it into a
hydrostatic pressure, while a high-viscosity fluid is preferred from the
point of view of lubrication since full fluid film conditions are more readily

promoted, but solidification may effectively terminate hydrostatic conditions.

Thus the optimum balance must be determined.
An SAE 30 oil was found to be excellent for low-pressure extrusion, and

10% MoS2 suspended in this oil improved its lubrication properties when film
breakdown threatened. Above about 160 kpsi this oil became solid, mnd a

rather rough surface finish of the extrusion resulted [28]. For higher pres-
sures, lower viscosity media are needed which do not solidify; castor oil
with 10% methylated spirits is satisfactory up to about 225 kpsi, glycerine
+ 25% ethylene glycol to 400 kpsi, and isopentane and white gasoline to 450

kpsi [27]. Unfortunately, these liquids do not possess good lubricating
qualities, and a further disadvantage is tiat E. P. additives could not be found

for them; for instance, MoS 2 coilld not be dispersed in them.

For these reasons, it becomes necessary to apply lubricant to the billet.

Fiorentino et al. [261 state that this method is, in any case, more efficient
than selecting E. P. agents for the pressurized fluid. Furthermore,
Bobrowsky and Stack [281 have reported on Russian literature indicating that
a 2/3 transformer oil, 1/3 kerosine mixture was employed there in initial

trials, but grease coatings had since been applied to the billets. Bobrowsky
used these lubricants in extrusion tests with 1045 steel at 1.43:1 extrusion

ratio. Vhr transformer oil-kerosine mixture alone gave a very high pressure
(about 200 kpsi) whereas coating the billets with two F. P. greases-one a
sodium base, the other a lithium base-gave greatly reduced pressures (140

and 160 kpsi, respectively). However, the greases were prone to solidifica-
tion at these pressures causing a slight ripple on thk surface of the products.
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This is, no doubt, the cousequence of thick film lubrication, similar to that

found in rolling (Fig. 6.4a).
Successful lubricants for hydrostatic extrusion have been indentified, even

though no systematic work appears to exist. Fiorentino et al. (26] found that

with castor oil as the hydraulic fluid, 20 wt% MoS2 in castor wax was an ex..
cellent billet lubricant for AISI 4340 steel at extrusion ratios between 2. 5 and
6:1, but poor for 7075 aluminum alloy at 20:1 extrusion ratio, on which it

showed stick-slip behavior. 'This was eliminated with 20% MoS2 in stearyl
stearate as the billet lubricant, and even better performance was obtained by

also changing the fluid to silicate ester. it was noted that billet coatings may
sometimes be necessary to prevent galling. These include the zinc phosphate
coating for steels, anodized or fluoride-phosphate coatings for titanium alloys,
and oxalate coatings for stainless steels. Lubricants should be employed in
conjunction with these in hydrostatic extrusion as in the conventional proces-

ses. Pugh and Low [22, 27] mention Graphogen (a proprietary graphite-
bearing compound) or molybdenum disulfide greases, latex rubber, fused

PTFE ard, for zirconium, soft metal plating as successful lubricants.

In the lower pressure range, Beresnev and co-workers (291 have e.K-
amined a numbe., of lubricants for the extrusion of an aluminum alloy through
an 800 die at 4.4:1 ratio. The lowest extrusion pressure was given by a
hypoid gear extreme pressure oil, but this also gave the worst (presumably,

dullest) product surface finish. 'lh.n- a layer of the hypoid gear lubricant was
applied to the billet and extrusion was performed with water as the pres-
surized fluid, an excellent surface finish was obtained without unduly high
pressures. It has been repeatedly observed that a thick film of highly viscous
lubricant not only indents the extruded surface but also preserves surface
defects and machining marks present on the slug surface.

Finally, Pugh and Low (27] observed that in extruding Armco iron at a
ratio of 3:1 with a Graphogen lubricant, lower pressures were obtained if the
billet was initially sandblasted rather than polished. Reductions in pressure
varied from 5",' with a 90" angle die to 20% with a 20" die. Sandblasting, of

course, creates pockets which trap lubricant on the surface and prevent
metal-.to-metal contact in bulk deformation, in the same way as in wire

drawing (Section 7.23).

10. 24 Forgring with Superimposed Vibratin

The application of ultrasonic energy !: metalworking processes was dis-
cussed with reference to wire drawing in Section 7.28 and to simple upsetting

in Section 9. 22. While there was no evidence of a reduction in yield stress,
it was also clear that vibrational methods may reduce interface friction.
particulaily if the process conditions are unfavorable for the generation of
hydrodynamic films. This being so, great advantages might be expected in
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the working of metals which are difficult to lubricate; unfortunately, experi-

mental work was performed mostly on metals and alloys which present no

lubrication problems to industry. Extensive surveys of work conducted in

these fields have been made by Jones [30] and by Winsper and Sansome [31].

With very few exceptions, workpiece materials employed were those which

are easily lubricated, such as lead, aluminum, and copper. Steel has been

used only in upsetting experiments, which again present few problems, as

discussed in Section 9.22.

Jones (30] reported that in the direct extrusion of lead (25:1)and alu-

minum (11:1 extrusion ratio), maximum reduction of static lon.d was obtained

if the container was vibrated as well ae the punch and ram. Initial extrusion

force decreased 15 to 22% fn•r unlubricated aluminum and slightly less than

this for lead (which shows "ess adhesion). It could not be ascertained how

much of the reduction in force was due to reduced friction; neither amplitude

of the vibrational force nor localized rises in temperature which could have

reduced the yield stress of the material were measured. In particular,

superposition of the vibrating forces on the nonoscillatory force often brings

the total force ap to its original "nonultrasonic" value (see Section 7.28) but,

in the absence of 'mplitude measurements, a realistic estimate of fricional

reductioiD cannot be made.

10.3 LUBRICANTS FOR COLD EXTRUSION

10.31 Chemical Conversion Coatings

These coatings, which aie formed by reaction with the base metal to

form well-bonded layers, were applied to cold extrusion technology before

they became of interest in other metalworking areas. Included here are the

phosphate coat for carbon and alloy steels, the oxalate coat ftr stainless

steels and nickel alloys, and the fluoride-phosphate coat for titanium and

zirconium alloys, previously discussed in Section 4.4.

The coating process is always cheaper if application is continuous, i.e.,

if wire or bar is coatea in a continuous strand. Sluge for extrusion, however,

can only be batch coated; this is a much more expensive method but necessary

to ensure success of the operation.

These coatings are always used In conjunction with a lubricsnt.

10.32 Sop

Frequently, soaps are employed with conversion coatings; in particular,

sodium soaps react with phosphate coatings to torm a layer of inc soap

which is bonded to the coating [14). Both phosphate und oxalate coatings
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need lubrication, normally by soaps based on stearates of sodium, calcium,

or aluminum.
Soaps are also employed alone in impact (2ctrusion of nonferrous mater-

ials. Here zinc stearate appears to be the most important commercially,
especially for aluminum and copper alloys, although it is also used for tin

and lead. Palmitate and arachinate soaps have also been mentioned for

aluminum, but the stearates must be regarded as the standard industrial soap

base for metalworking. For purposes other than cold extrusion, sodium and
calcium stearates are more predominant than the zinc soap (e.g., see

Section 7.32).

Soaps wele previously discussed in Section 4.22; their ability to provide

a thin, continuous separating film on the workpiece is the desirable attribute
for cold extrusion.

10. 33 Natural Oils and Fats

These have previously bI ýn reviewed in Section 4. 22, together with

waxes and fatty acids. These compounds find wide application in nonferrous

extrusion because of their strong boundary qualities. The common fats are

tallow and wool fat (lanolin), but sulfonated tallow with its additional E. P.

properties is frequently used for all nonferrous materials. When a coating is

also employed-ior example, the phosphate coating on steel-tallow and

lanolin are excellent lubricants.

Rapeseed and cottonseed oil are frequently used natural oils, the former

being the more common, while the latter is usually employed oniy with tin

or lead. Rapeseed oil is also a lubricant for the phosphate coat.

Wixes, both na,'ural and synthetic, find application with noncoated, non-

ferrous metals, and may often be used in combination with a fatty acid.

10.34 Graphite and Molybdenum Disulfide

These materials are not often used for noncoated cold extrusion slugs

because they are difficult to remove, though it is known that graphite or

.MoS9 in tallow is sometimes employed for copper extrusion. Most frequently

they are applied in a suitable carrier to a chemical conversion coating. For

example, graphite, and MoS2 in a petroleum oil or in a gum resin binder are

recommended for the fluoride-phosphate coat on titanium or zirconium, and

graphite in tallow, dry graphite, and MoS2 have found application as lubri-

cants for the phosphate coat on steels.
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10.4 LUBRICATION OF CARBON AND LOW ALLOY STEELS

10.41 Eperimental Investigations

Relatively few investigations studied lubrication for the less severe

forms of cold forging. Tanaka et al. [321 inveatigated the coefficient of

friction in upsetting 10 mm diameter, 4 mm high specimens of mild steel from

room temperature up to 4000 C, thus covering the entire temperature range

that may be encountered in cold forging. The specimens were upset 60%.

The lubricants used represent a series of mineral oils of increasing viscosity,

fatty oils and their derivatives, soaps, and some solid lubricants-all used

without prior conversion coating (Table 10. 1).

At room temperature the fr'iction coefficient decreased with increasing

mineral oil viscosity. A slight effect of sulfur content is detectable, higher

sulfur content oils giving lower friction than their sulfur-free counterparts of

identical viscosity. 0: 'ie fatlty oils and derivaives, saturated compounds

such as tallow and stearic acid and palm oil were considerably better than

the unsaturated counterparts, such as oleic acid and rapeseed oil (Tabie

10.2). In the upsetting of steel at temperatures increasing from room tem-

perature to 400 0 C, a rather random variation in the performance of selected

lubricants was found. The most noticeable exception was chlorinated paraf-

fin which, apparently, became effective at the higher temperatures.

There have been a number of investigations into cold extrusion lubrica-

tion for steels. Frequently they have been aimed at finding substitutes for

the commercially well established phosphate-soap combination which never-

theless remains as standard practice in industry because of its attributes of

relative overall economy -tn lubricating efficiency. OtJe-r investigations

have been devoted to optimizing the phosphate coating by finding still better

lube'icants for use in combination with it.

Metallic Coatings

Pomey and co-wokers '[31 stated that tin coating was efficient as a

substitute for the phosphate coat. This is practical for cifficult extrusiolns

when the part would require subsequent corrision protection anyway. Other-

wise, tinning is more expensive than phosphating.

I!auttmann 1141 investigated the forw-ird cold extrusion of carbon steel

tube from tubular test pieces with the aim of determnining the efliciency of

various lubricant systems. His initi. I exp.eriments with a %%ic. r-uige of
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TAB T,7 10.1

Lubricants Used in the Upsetting Experiments
of Tanaka et al. [32]

Flash Viscosity, Sulfur
Lubricant Specific Point, Redwood 1 sec Content,

No. Description Gravity C 300 C 50' C

MineraLl Oils

1 Solvent oil 0.847 108 35.2 32.1 0.10

2 Spindle oil 0.880 140 52.2 39.5 0.10

3 Spindle oil 0.851 148 66.1 45.4 0.77

4 Machine oil 0.914 198 295.0 112.4 1.02

5 Turbine oil 0.883 196 228.4 94.6 0.18

6 Turbine oil 0.932 206 411.0 144.2 0.75

7 Motor oil 0. 945 228 2309.0 532.0 1.41

Fats and Fatty Oils

8 Palm oil
9 Castor oil

10 Rapeseed oil
11 Spermwhale oil
12 Lanolin
13 Tallow

Fatty Acid or Alcohol

14 Oleic aeid
15 Stearic acid
16 Oleyl alcohol

17 Stearate soap
18 Tallow soap
19 Palm soap

Base Lulricant + Additive

20 No. 17 + 107 PbO
21 No. 7 + 10% graphite
22 No. 7 + 10% PbO
23 No. 7 + 10% Al stearate
24 No. 7 + i0% Pb

25 MoS2
26 Chlorinated paraffin
27 Dry
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TABLE 10.2

Coefficients of Friction Determined in Upsetting Tests,
Using the Lubricants Listed in Table 10. t [32]

Coefficient of Friction

Stainless Aluinbum Copper
Lubricant 0. 13C Steel Steel (99. 7o) (99.98%)

No. 115 kpsi 225 kpsi :30 kpsi 70 kpsi

S0.350 0.540 0.310 0.170

2 0.375 0.420 0.310 0.145

3 0.295 0.400 0.195 0.115

4 0.240 0.290 0.14C 0.09C

5 0.275 0.365 0.140 0.075

6 0.240 0.355 0.105 0.060

7 0.215 0.320 0. 105 0.060

8 0.105 0.1,90 0,020 0.020

9 0.240 0.200 0. 10#5 0.060

10 3.170 0.230 0.100 0.085

11 0.200 0. 28F O.100 0.060

12 0.125 0. 270 0.065 0.060

13 0.075 0 20) 0,020 0.020

14 0.200 0.305 0.135 0.085

15 0.075 0.130 0.065 0.020

16 0.170 0.305 0.135 0.060

17 0.190 0.140 ).0 j5 0.050

18 0.120 0.180 1). 0.050

19 ;J. 095 0.150 0.0130 0.050

LO 0.165 0.305 C.075 0.070

21 0.165 0.305 0.130 0.070

22 0.165 0.315 0.080 0.060

23 0.110 0.170 0.045 0.050

24 .140 L', 190 0.055 0. r'70

25 0.085 0.130 0P.043 0.070

26 0.140 0. 305 0.130 0.o70

27 0.410 0.635 0 50% 0. IS5
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lubricants (not including phoephates) showed that copper- and zinc-plated

steels gave good performance when lubricated with a bearing oil of undis-

closed composition. In further tests, these two metallic coatings were com-

pared with the phosphate coat in the fr.,rwarc cold extrusion of carbon steel

tubes of various compositions with bearing oil ar. the lubricant. While dif-

ferences were not too large (Fig. 10. 7), zinc plate served as a better coating

than phosphate and copper plate. Undoubtedly, the lubricant employed was

not as efficient as the commercial sodium stearates normally recommended

and the comparison is not fully valid.

In backward extruding steel cans, Tychowski [351 found that, contrary to

Hauttmann's observations, extrusion forces were higher with zinc plate tharn

with a phosphate coat. In any event, differences were small (less than 5% of

the extrusion load). The differences were even smaller in the experiments

of Saga and Iwasald (36, 37], who investigated the cold piercing (backward

extrusion) of a steel similar to SAE 1015 low-carbon steel, with 6 P in. thick

films of copper, cadmium, or zinc on the steel and stearic acid as the

lubricant. At reductions between 20% and 80%, the cadmium plate gave lower

pressures than zinc plate and copper plate; however, the differences were

only around 1%. The conventional phosphate-Bonderite-stearate system

gave some 2% higher pressures.

0.
z40O 170 --

300

COPPER PLATED
PHOSPHATED

x 200 - ZiNC PLATED

L I1 L I
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CAR8ON CONTENT, %

Fig. 10.7. Variation cf extrusion pressure with carbon content of steel

in forward extrusion of tube, showing the influence of coating composition.

The lubricant was bearing oil [34).
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Solid Lubricants

Evidence regarding the value of various solid lubricants whether used

alone or in a carrier, is rather contradictory. Saga et al. (381 examined a

spray PTFE film, a MoS 2 coating applied to the bare steel, and several lubri-

cants used in conjunction with phosphate coatings. In the backward and for-

ward extrusion of cold rolled 0. 1% carbon steel, none of these lubricants was

better than the commercial phCoiphate-soap combination as judged by maximum

extrusion load. However, phosphate with a spray-on PTFE powder in dis-

persion in water was only slightly inferior. The PTFE showed almost the

same efficiency when used without the phosphate coating. In contrast, the

MoS2 in a plastic resin sprayed on the phosphate coat required a high ex-

trusion pressure. Saga et al. (381 noted that anomalies in the behavior of

MoS2 could have been caused by adverse methods of application, atmosphere,

or humidity.

James [14] has reported experiments in which phosphated steel was

forward-extruded to 46% reduction in order to test a number of lubricants

containing MoSP. Carriers of water, mineral oil, and other oils were

employed and compared with a resin-bonded and a dry MoS 2 powder. There

was no correlation between extrusion load and MoS 2 particle size, concen-

tration of MoS2 ' or the nature of the carrier in these experiments,

Results presented by Poulsen (391 showed that a commercial MoS2

lubricant was better than a proprietary wax with a soap, or the soap alone,

when tested in the extrusion of phosphated steel slugs. Here a decrease of

10% of the extrusion load was evident, although only single experiments

were reported, and therefore the claimed reductions may have been due to

scatter.

Tychowski [351 also found solid lubricants to be efficicnt, especially in

the form of 50% rapeseed oil or tallow with 50% graphite. Other successful

lubricants were 12% soap + 2% rapeseed oil + 40% graphite with 46% water,

and 35% soap + 30% graphite with 35% water. Lubricants containing talc or

MoS2, however, were not as good.

In contrast, Pomey et al. (331 found both MoS2 and graphite to be worse

than other lubricants tested. Carnauba wax was especially gr)..,d with phos-

phated steel, as were long-chain saturated fatty acids which were solid at

room temperature (e.g., stearic acid).
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In the experiments of Pugh et al. [12] slugs lubricated with phosphate

and MoS 2 in alcohol required 10% higher forward-extrusion pressures than

the standard phosphate-soap system. The maximum pressure required to

backward-extrude cans from slugs lubricated with a wet coating of MoS 2

(where alcohol was not given time to evaporate) was about 20% lower than

for slugs lubricated with a dry MoS2 layer.

Experiments on Improved Lubricant Systems

Several attempts have been reported aimed at improving the performance

of phosphate/lubricant systems.

Pugh et al. [12] compared a number of coatings- including zinc phos-

phate, rust, a sulfurized coat, and a methacrylic resin (Trilac)-and a range

of lubricants (listed In Table 10.3) in the forward extrusion of a 1010-type

steel at extrusion ratios of 2.78 and 4, and also in backward extrusion at an

extrusion ratio of 2. 58. There was only 10% difference in extrusion pressure

over the whole range of lubricants tested (Fig. 10.8). All lubricants used

with the phosphate coating were effective, with lard oil (2. 7% free fatty acid)

TABLE 10.3

Lubricants Used in Extrusion Experiments of Pugh et al. (12]

Coating No. Lubricant

Suifurized 1 Sulfonated tallow
2 Lard oil (2% aluminum stearate)
3 MoS2 in alcohol

Trilac (resin) 4 MoS 2
5 Aluminum stearate
6 Chlorinated paraffin

Rust 7 MoS2 in lanolin

"•oke 8 MoS2 in lanolin

Zinc phosphate 9 Lard oil (2. 7% free fatty acid)
10 MoS 2 in lanolin
1i Bonderlube A
12 Bonderlube 235
13 Lard oil (2% aluminum stearate)
14 Chlorinated paraffin
15 MoS2 in alcohol
16 Colloidal graphite
17 Sulfonated tallow
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Fig. 10. 8. Effect of lubricant on maximum extrusion pressure in ex-

truding a low carbon steel. Lubricant numbers refer to the compositions

given in Table 10.3 [121.

and MoS 2 in lanolin giving the lowest pressures. Uncoated slugs lubricated

with MoS 2 in lanolin always registered lower pressures than phosphated

slugs lubricated with MoS 2 in alcohol. Sulfurized slugs lubricated with

sulfonated tallow appeared to be as effective as the best phosphate combina-

tions; the system comprising a Trilac coating with aluminum stearate as the
lubricant was most effective in terms of extrusion pressure but gave a poor

surface finish.

Kunogi [401 used a novel method of backward extrusion in which a sub-

stantial amount oi c.•tainer wall friction was eliminated by suitable design

of tooling (Fig. 10. 9). A steel similar to SAE 1010 was used, and the dimen-

sions of the slugs and the tooling were varied. It was quickly ascertained

that a phosphate coating was necessary to avoid galling and to reduce ex-

trusion pressure. Kunogi next tested various phosphate coats against each

other, using "Bonderlube" (based upon sodium stearate) and a palm oil emul-

sion as lubricants. The coatings examined incLoded a proprietary mixture of

manganese and iron phosphates ("Parkerizing B"); a zinc phosphate formed

in a bath containing some iron salt ("Bonderite 181X'); zinc and iron phos-

phates ("Bonderite 160X"); a calcium phob-phate ("Bonderite 165X); and
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Fig. 10.9. Sketch of extrusion method proposed by Kunogi [401.

aluminum phosphate. Of these, the commercial zinc phosphate ("Bonderite

181XI) was the best both with the reactive sodium stearate soap and the palm

oil emulplon, although the differences were not great.

In co•bination with this zinc phosphate coating, several lubricants were

tested, including a colloidal graphite. A "fatty acid potassium soap" was

outstanding initially, but when the load was measured after 80% of the punch

stroke, aluminum stearate was superior. Both of these performed better

than the commercial sodium soap which Is the current standard lubr-cant

with the phosphate coating on steel.

Ishiguro and Takase [ 411 Investigated cold forward-extrusion of steel,

and confirmed that phosphate alone was not effective in reducing the extrusion

load. Metal soaps were found to be fair to excellent lubricants, MoS 2 was

effective only in repeated extrusion, and E. P. oils gave outstanding results

at high reduction ratios (-60%) when trapping of the lubricant occurred.

Two aspects of lubrication which have more practical importance have

bten studied by Joseph Lucas Research Centre in England and reported by

James [141. These experiments concerned the effect of three lubricants on

surface finish and punch wear in the 50% backward extrusion of a steel

similar to SAE 1010 (British Specification En2E). The lubricants examined

were the standard phosphate/soap combination, a chlorinated paraffin

(kerosine) hydrocarbon, and a mineral oil base cold-heading lubricant con-

taining an undisclosed E. P. agent. The results of testing in long runa are

shown in Figs. 10. 10 and 10. 11. Surface finish was measured in
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stearate combination is still the most widely used lubricant system in the

cold extrusion of carbon and low alloy steels.

10. 42 Industrial Practices

Cold Heading

Cold heading is a relatively mild form of cold forging whose popularity

has not depended upon development of the phosphate coating. The cold head-

ing of wice has lon-. been successfully applied to the forming of nails, bolts,

and other flanged articles, but the advances made in cold forging technology-

in particular, phosphating-are gradually influencing practices in this area.

Townend and Wilson (42] have discussed cold heading of steel wire.

They note that frequently it is necessary to limit the wire drawing reduction

of hot-rolled rod to one draft so that adequate ductility remains for heading.

The wire is usually drawn dry, and substantial amounts of lubricant remain

on the wire so that-for mild operations-no further lubrication may be needed.

Most frequently, this lubricant will be a lime coating with aluminum or

calcium stearate soaps [42-451. IA some instances, the only additional

lubricant necessary is a mineral or emulsifiable oil; but as deformation

becomes more sever3, ppstes or oils containing sulfur or other Z. P. addi-

ives need to be employed 145], Cooper (461 has listed a range of additional

lubricants for the cold heading and extrusioi. of wire-among others, stearate

and palmitate soaps, molybdenum disulfide, graphite, and oils or waxes con-

taining E. P. agents.

For more severely worked componentE, annealed wire must b•. Ased.

The final heat treatment is often introduced between a preliminary drawing

draft and a very light finishing draft; in this way, a bright-drawn and lubri-

cated, yet left f .el is obtained by the simplest means [421. In this in-

stance lime i. - soap could be used. Alternatively, the light draft is elimi-

nated and the wire is phosphated, soaped, then cold headed without prior

cold work [42, 471. The disadvantage is that the sheared end fa'ces remain

without a coating. The choice Is usually dictated by economics. It may be

cheaper to use a nouphosphated wire, and to work conventionally lubricated

slugs in a series of dies rather than taking the fu.l deformation in one die.,

L,. would warrant a phosphate coat.

In th(',,ý instances where phosphating is recommended for cold heading

or other simple o| -rations, suppletnentary lubrication of the end face is
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mandatory. Freshly sheared slug faces may be lubricated at the press with

graphitic pastes or oils [48], while Faust [49] has observed that it is common

U. S. practice to use E. P. oils on the bare faces and to keep individual ae-

formation low, so that to achieve a total deformation of 65% reduction ir. area,

as many as 4 to 6 individual stages may be required.

Cold Extrusion

For more severe operations which involve slugs sheared from bar (rod)

rather than wire, batch phosphating is needed so that the entire surface of

the slug is adequately lubricated. The phosphate coating weight is important

in determining the success of the operation, and although there is a wide

acceptable range of weights, difficulties will be experienced if the coating is

too thin [50] or tco thick, as discussed in Section 10.22.

The phosphate layers should be thicker than those provided for rust pro-

tection or for drawing of thin tubes; an ideal thickness of between 10 and 15

IL in. has been quoted by Fischer [51]. The coating thickness is more fre-

quently controlled by weight. Acceptable ranges have been summarized by

Morgan [17]; apparently, European practice favors between 750 and 1250

mg/sq ft, in agreement with figures of 800 to 1300 quoted by James [14].

Morgan [17] stated that over 3000 mg/sq ft is employed in the United States

and 2000 mg/sq ft in operations with which he was associated in Britain.

There are numerous examples of the use of phosphate coatings in in-

dustry, not only at conventional speeds (52-61] but also for impact extru-

sion (62-65]. Most frequently, a soap based on sodium stearate is the

lubricant for heavy deformations, since this reacts with the zinc phosphate

coating to form an insoluble zinc stearate soap that is also well bonded to

the surface. This combination has great resistance to rupture.

Other lubricants, however, are also used in industry, but evidence ist

not entirely clear. For example, Fischer [51] noted that rapeseed oil and

tallow were fairly widespread and that additional improvements in lubrica-

tion were secured by the addition of sulfur-containing compounds. Palm oil

ant soap solutions were also considered to be suitable, as were dry soap

films, but these are untially intended only for relatively ligh. operations.

Mineral oil, tallow, awd graphite mixtures have als(. been mentioned.

Writing on German practice, Faust [49] considered that nmolybdenum

disulfide and graphite were far more suitable for heavy reductions (greater

than 40'; deformation in backward extrusion) than commercial sodium
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stearates ("Bonderlube"), which he considered adequate for reductions below

this. For leas than 20% reduction in area, fat or tallow may be applied by

dipping in a suitable solvent-lubricant solution. Faust also noted that H/D

(final extruded height/internal diameter) is a better parameter for judging

severity in backward extrusion, but did not qualify these lubric'nts accord-

ingly.

Bastian [64] noted that rapeseed oil, wool fat (lanolin), and tallow were

employed in Europe, whereas U.S. practice included warm (65 0 C) aqueous

solutions and emulsions. They contained small concentrations (about 2%) of

sulfonated tallow, lard oil, chlorinated waxes, and free fat* 'cids in dilute

sodium stearate solutions. Presumably thfcse solutions were t-e forerunners

of the current sodium stearate based soaps, and are similarly 9.llowed to dry

on the phosphated surface of the workplece after warm dipping, giving a solid

soap film.

10.5 LUBRICANTS FOR STAINLESS STEELS

10.51 Experimental Investigations

In compressing stainless steel, Tanaka et al. [321 found that the high

adhesion of this material to the die surface was reflected in a very high and

constant friction in unlubricated conditions. With mineral oils as lubricants,

viscosity was a dominant factor, although the unexpectedly good performance

of oil No. 4 (Table 10. 1 and 10.2) might be attributed to the sulfur content.

However, sulfur compounds cannot be recommended for stainless steels

because the chemical reaction produces deterioration in surface properties.

Best results were obtained with stearic acid and molybdenum disulfide. The

good performance of tallow and palm oil probably reflected their high eiffc-

tive viscosity, while the unsaturated fluid products were, as expected, rather

poor. Lubricants which werc in solid or paste form at room temperature

yielded the lowest friction coefficient, the load being supported mostly through

the lubricant film (Table 10. 2). At temperatures up to 400"C, lubricant

Leh ivior showed somewhat random variations, but the consistently good

performance of molybdenum disulfide Is wc.:th noting.

Kunogi [40] has tested a range of lubricants, each in conjunction with a

commercial oxalate coating on an 18-8 stainless steel, by the novel backward

extrusion method d, scribed in Section 10.41 (Fig. 10.9). Slugs of 12.5 m.n

1$
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diameter and 12.5 mm height were deformed into cans of 14.6 mm OD and

2.9 mm wall thickness. A range o. soaps and other lubricants were rated by

observation of maximum and mirimum loads and of the load when the stroke

was 80% complete. All of the metallic soaps (the Al, Ca, Zn, Cd, and Ba

stearates) exhibited adequate performance, but the aluminum and zinc

stearates were th.r best. Both palm oil emulsion and an E. P. oil based on a

mineral oil were poor lubricants; little oxalate coating remained .)u these

slugs after e.'-trusion, as evidenced by the lack of characteristic green

coloring that the oxalate imparts to the slug. Excellent performance was

obtained with a colloidal graphite applied to the oxalate coat.

No other relevant experimental data could b- found in the open literature.

It is likely though that-as in wire drawing-highly chlorinated oils, waxes,

or varnishes and organic resins can be used successfully both with or without

oxalate coatings [661, at least for more m-derate duties.

10. 52 Indubtrial Practices

For cold heading and cold extrusion of stainless steels, the phosphate

coat is inadequate, and for many years these operations could only be per-

formed by copper coating the stainlues steel slug [44, 46]. Then the charac-

teristic lubricants for copper (see Section 10. 7) could be applied. Sciullo [44]

notes that the thickness of the )poer coat on stainless steel is important,

since too little will not prevent galling and too thick a coat might flake off

during extrusion. A coating thickness of 0. 0007 in. was quoted for cold

heading. Lead was also applied, which gave low frictiou and efficient parting

of die and slug surfaces.

More recently, however, the 3xalate coating was developed, and this has

largely replaced copper and lead for prevention of metal-tW-metal contact in

the cold extrusion of stainless steels [44, 67], so that it is now accepted as a

standard treatment [15, 191. The oxalate coat is generally used in conjunc-

tion with a soap such as calcium stearate.

10.6 LUBRICANWS FOR ALUMINUM AND ITS ALLOYS

10.61 F.perimental Investigations

Aluminum is almost inevitably extruded by an impact or other high-

speed technique. The tenaency of aluminum t" picý up or. tool surfacer. is
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somewhai heightened by high deformation speeds so that correct lubrication

is essential, however, by correct c.esign of dies and workpiece, fluid

lubricants can be made more efficient at high velocities, owing to the tend-

ency to form a hydrodynamic Ailm. Such improvement has been confirmed

in the work of Parsons et al. [68, 691.

Pugh [70] has examined lubrication in the cold drop forging of simple

cylindrical specimens of aluminum at various height-to-diameter (H/D)

ratios. S&lfonated tallow, lanolin, graphite in acetone, MoS2 in alcohol, and

MoS2 in lanolin were tested as lubricants, and these results wez-e compared

with unlubricated specimens. For a constant nominal deformation energy

per unit volume, considerably increased reduction was obtainable with lubri-

cants and the height of ram rebound also decreased as lubrication became

more efficient. However, there were no consistent variations between in-

dividual lubricants, indicating that all the highly viscous or solid materials

tested were adequate. This must have been due partly to trapping of the

lubricant and partly to the light duties involved.

In contrast, Tanaka et al. [32] found considerable variation of frictioa iv

their upsetting tests which extended to lighter lubricants. Mineral oils showed

improved effectiveness with increasing viscosity, irrespective of their sulfur

content. Boundary additives such as fatty oils and their derivatives were

found effective both neat and as additives (Table 10. 2). These results are in

agreement with other investigations discussed in Section 9.61.

For more severe extrusion dluties, the lubricant is of high viscosity or

even solid, and often also possesses boundary lubrication properties. In

many ways, the lubricants performing best in simple upsetting (Section 9.61)

have also proven usetul in cold extrusion.

In Belvedere's work [711, aluminum-magnesium alloys, SAP, and alu-

minum ingots were impact extruded, using a variety of lubricants. From an

evaluation of the surface finish of the extruded vroduct, sulfonated tqJlow was

the most effective lubricant while performance was pr-gressively poorer

with colloidal graphite suspensions in oil or water, grease containing MoS2 ,

and wax or zinc stearate base lbricants.

Sulfonated tallow was the standard lubricant in the experiments of

Dower [721, who impact extruded commercial (99.5%) purity aluminum and

an aluminum-zinc-magnesium alloy to form bars, Watkins and cc-workers

[731 also used sulfonated tallow, bu, in codentio,'.2 cold extrusJoz& ir. a
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hydraulic press. The performance of sulfonated tallow was not as good under

thqss slow-speed conditions, and when results of their prior NEL experiments

were summarized, it was apparent that lanolin, tallow, various soaps, and

graphite in tallow gave better performance in terms of maximum extrusion

pressure. In fact, Galloway [74] employed lanolin, applied by tumbling

commercial purity aluminum and Al-Mn alloy slugs in a 20% solution of

lanolin in white (mineral) spirits, for the impact extrusion of cans; thus, this

old established lubricant is not necessarily restricted to slow-speed condi-

tions.

The utility of graphite is somewhat restricted by the need of removing it

to avoid corrosion. The other solid lubricant, MoS2 , was found to perform

adequately by Kitchen [75], who sought a suitable material for the back ex-

trusion of ah. mum capacitor cans. Several lubricants were tested but when

surface finish was adequate, die life was poor and vice versa. Finally, a

lubricant of 5 g MoS 2 powder (0. 7;iin. particle size) in 60 cc comercial floor

wax was applied by barrel tumbling and gave substantial improvements in

both die life and surface finiish. It was claimed that this mixture could be

removed either by hot water or by conventional degreasing fluids, leaving no

residue. Another lamellar solid lubricant has been found suitable for the

explosive forming of 7075 aluminum alloy cans. In this case, a mixture

containing 50% (,by volume) mineral oil and 50% forging compound, defined

as a colloidal graphite, was found to be adequate in preventing surface

imperfections on the cans.

10.62 Industrial Practices

Although a wide variety of lubricants hate been tried for the lubrication

of aluminum and its alloys, there are a number of materials whose use is

more prevalent. For example, Gm'ohUng [76], Faust [49], and Elliott (77]

have all rioted that zinc stearate is common. Gm76hling considers that al-

though this, along with zinc arachinate, is the mcst frequently used lubricant

for aluminum, an even distribution on the slug surface !s difficult. Faust

states that 7zinc stearate is not used where sharp corners have to be filled-

for example, on hexagon head screws or nuts-since it settles in corners

and prevents complete filling. Elliott [77] has given zinc stearate along with

ethyl palmitate anid, to a lessier extent, lanolin as standard lubricants ior the

extrusion of collapsible tubes.
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Lanolin is in common usage in the production of 9ngineeriag impact ex-

trusions. If applied unevenly or allowed to accumulate, it causes underfill

as any other semisolid lubricant would. According to Faust [491, it tends to

oxidize with the trapped air at explosive speeds. Bastian [64] notes that both

lanolin and tallow have varied appraisal, being alternatively considered to

be superior or inferior to specially developed lubricants such as wax or

petrolatum blended with tallow, fatty acids, or stearates. Sulfonated tallow

might be included in this categorl'r.

Kemppin 17 [h] found MoS 2 or flake graphite applied on top of a soap

film suitable for impact extrusion of hard aluminum alloys, while for soft

alloys carnauba wax was applied in a thin coating by dipping in a solution of

wax in trichlorethylene.

Among other lubricants recommended are mineral oils, stearyl alcohol,

lard, and various waxes [771, especially medium hardness waxes (i.e., with

melting points in the range 330 to 43 0 C) combined with 25 to 35% animal fats

such as lanolin, tallow, or fatty acids [64].

Judging from the general properties of aluminum, it is likely that highly

viscous or semisolid substances with sufficient boundary activity should be

successful lubricants.

Correct application of these lubricants is important, since optimum

results are obtained only when there is a thin uniform film of lubricant on

the slug. Such films may be deposited from a solution in a volatile carrier

by spraying or dipping slugs in the warmed-up lubricant, or by tumbling.

The quantity of lubricant normally used was given as 1 lb per 100 to 1.25 lb

of metal by Bastian [641. Thicknesses of the order of 0.001 in. of lubricant

may be required, and can be controlled well within acceptabie limits of

consistency by controlling the amount of lubricant dissolved in an organic

solvent such as -arbon tetrachloride or trichlorethylene. An advantage of

tumbling is the matte finish produced, which traps the lubricant and helps

to avoid pickup to a greater extent than a smooth surface [77].

Phosphate coatings have also been mentioned in connection with alu-

minum [151, but there are no examples in the open literature of their use

either experimentally or lnd'-strially. In cold extrusion the phosphate coat-

ing would be used for aluminum only under the most severe deformation

condlidons, but it might be found necessary in the extrusion of the high-

strength all,,yd.
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10.7 LUBRICANTS FOR COPPER AND ITS ALLOYS

10.71 Experimental Investigations

Copper, like aluminum, is most frequently cold extruded by an impact

technique and, again like aluminum, it does not require a conversion coating

to prevent severe galling. In fact, the ability of copper to maintain a low

friction and smooth surface finish even when the dies become coated with

copper makes extrusion relatively easy. Problems do, however, arise with

brase and even more with bronzes of higher strength.

Pugh [701 deformed copper cylinders with the same lubricants and tech-

niques as described in Section 10.61 for aluminmm. It was evident that

sulfonated tallow was outstanding as measured by the percentage reduction in

height and the height of the ram rebound for all initial specimen geometries.

There were only minor differences in the behavior of the other lubricants.

Tanaka et al. [321 have used a variety of lubricants In compression tests

with copper up to 400 0C. Friction increased with increasing tempersture,

and tMte dry condition gave the highest values. However, copper still shows a

remarkably steady and relatively low friction even when unlubricated, as

found by Takahashi and Alexander (Table 9.2) and Tanaka (Table 10.2).

The latter also found the effectiveness of lubricants to be a function of

viscosity; it is noteworthy that the unsaturated fatty acids reduced friction

no more, or sometimes even less, than a corresponding mineral oil of

similar viscosity. On the other hand, saturated fatty oils were again effec-

tive (Table 10.2).

These experiments also showed that fatty oils and derivatives became

gradually less effective with increasing temperatures, but without catastro-

phic failure. It is remarkable that solid lubricants and extreme pressure

additives maintained low friction up to 300DC, but performance deteriorated

r-t 400 0 C.

In recent work, Cook and Spretnak [791 obtained the flow stWa8ss of

annealed OFHC copper by compression testing cylindrical specimens with

four different lubricants. A graphited grease and, particularly, Teflon

(PTFE) and lead were effective lubricants, reducing interface pressures to

half the value measured without a lubricant.
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Dower [72] used sulfonated tallow for both copper and 70/30 brass in

high-speed bar extrusion experiments, while Watkins et al. [73] employed

it in corventional extrusionusing a hydraulic press.

10. 72 Industrial Practices

A range of lubricants appears to be suitable industrially for the cold

extrusion of copper and its alloys. Zinc stearate, lanolin [49], waxes,

tallow, sulfonated tallow [191, fats, and various combinations of these, as

well as mixtures with graphite and molybdenum disulfide, have all been used.

Bastian [64] recommends dry sc tp coatings or -olid layers of a soap-fat

drawing compound ur tallow which ar- applied by dipping in a hot solution and

then air-dried. Evidently, almost any substancr that is viscous enotgh and

can be made to coat the surfaces uniformly is adequate.

10.8 LUBRICANTS FOR TITANIUM AND ITS ALLOYS

The basic problem with titanium is its tendency to adhere to the die

surface. In ring upsetting experiments, Male [80] found that sticking friction

prevailed with a dry specimen, but low shear strength solids were effective

in reducing friction (Fig. 10. 12).

There is only a small volume of cold extruded titanium parts currently

produced, although with increased interest in supersonic air transport this

process has taken on greater importance, at least as far as rivet forming is

concerned. So far, only one sizable effort to find suitable lubricants for
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Figure 10.12 Effect of lubricating titanium with low shear strength

solids on the coefficient of friction measured in a ring compression

test [801.
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cold extrusion has been reported, and it has produced a usable industrial

lubricant for the process.

In this effort, undertaken at Battelle Memorial Institute, a fluoride-

phosphate coat was initially developed in a research program to prevent

galling of titanium as tested in wear tests and wire and tube drawing [81].

Sabroff et al. [81-83J then applied this and other coatings, as well as a num-

ber of lubrica;'ts, for the cold extrusion of titanium. The fluoride-phosphate

coat was compared with an oxidized fluoride-phosphate coating, which was

produced by heating the conventionally coated titanium in air at 4250C for 2

hr to form a layer of TiO2 at the metal/coating interface. An experimental

anodic coating produced by immersing the billet as the anode in a 5% NaOH

bath at 990 C for 20 mrin with a current density of 50 A/sq ft was also tested.

Solid wax and soap-type lubricants were employed with these coatings, either

alone or with a carrier of semihydrogenated gum resin (both self-drying and

nondrying), a thermoplastic resin, an alky'd resin, or an epoxy resin.

Billets of 2 in. length and about 1 1/2 in. diameter were forward-extruded

to 60% reduction at 80 ipm, and the lubricants were evaluated by comparison

of extrusion pressures and of surface finish.

Only with the two fluoride-phosphate coats were acceptable finishes (30-

60 p in.) recorded, and this was always given by gum resin lubricant contain-

ing 5% MoS 2 and 5% graphite. However, forces were rather high. On the

other hand, the self-drying wax gave the lowest pressures but the poorest

surface finish. The fluoride-phosphate coating was not the outstanding choice

as the best coating on the basis of these tests, but it performed as well as

the other coats and was cheaper and easier to apply. An extensive investiga-

tion of lubricants of varying composition indicated that 10% graphite in gum

resin was superior from both surface finish and load considerations.

A very cheap method for providing protection to the titanium surface

has frequently been used in tube drawing, and has had limited application in

the more moderate cold forming operations. Titanium and its alloys must

be annealed in an inert atmosphere prior to cold working; if a little air is

admitted into dhe annealing furnace during the cooling period, a thick oxide

coat is formed which provides adequate protection when used in conjunction

with a lubricant at moderate reductions. Under more severe conditions,

however, much better performance can be obtained by means of the fluoride-

phosphate coating.

I.
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Other potential coatings (for example, copper) also exist for use with

titanium. metal and alloys, but these are generally far more expensive than

the fluoride-phosphate coat or other chemical conversion coatings (which are

essentially Its commercial modifications). These must now be regarded as

mandatory for titanium extrusion; lubricants containing graphite and/or MoS2

are most common, especially the 10% graphite in 9. gum resin carrier recom-

mended by Battelle.

10.9 LUBRICANTS FOR OTHER METALS

Few other materials are commercially shaped by means of cold extru-

sion, and often very little information is available. One source is Bastian

[64], who has suggested lubricants for Un, lead, magnesium, and zinc alloys.

10.91 Tin. Lead. and Their Alloys

Soft metals, such as tin and lead, were the first materials to be impact

extruded [1], and subsequently the process was applied to zinc and aluminum.

Bastian states that hydrogenated cottonseed oil is the most commonly used

lubricant for tin and lead, but cottonseed oil, zinc stearate soap, and com-

mercial combinations of wax and fatty acid have all been employed. In the

experiments of Watkins et al. (73] sulfonated tallow was used for lead and

plain tallow for tin. However, because of the inherently low dry friction of

these materials, often no lubricant will be required.

10.92 Magnestum and Zinc Alloys

Magesium and its alloys are extruded at elevated temperatures (above

2200 C) since they are brittle at room temperature. In the experiments of

Watkins et al. (731 sulfonated tallow was the lubricant for the cold extrusion

of zinc, while Parsons et al. [68] successfully used lanolin for impact extru-

sion.

10. 93 Nickel-Base Alloys

Nickel anzu the nickel-base superalloys are seldom cold extruded. Be-

cause of the high strengths of these alloys a coating would normally be

required to prevent metal-to-metal contact. The oxalate coating combines

chemically with the surface of such materials, and would be employed in

conjunction with a soap, in the same way as for stminiess e
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10.94 Zirconium Alloys

The fluoride-phosphate coating is mandatory in the extrusion of zirconium

alloys [15, 191. Graphite or MoS2 in a suitable carrier has been found to be

most suitable for this coating when used with titanium, and presumably may

also be employed for zirconium. i
10. 10 SUMMARY

Cold forging and, in particular, the more severe operations of cold ex-
trusion represent a continuing challenge to lubricant technology. The impor-

tance of these processes can hardly be overestimated; they are likely to be

employed increasingly in the future, especially for the production of parts i

previously machined from bar stock or hot forgings. Lubrication is :f great

importance because pressures are high and often approach the limits of

strength of available die materials.

There is little doubt that the system comprised of a conversion coating

and lubricant will remain predominant for higher strength materials. Fur-

ther development is likely to come from consideration of the cold extrusion

process as a whole. Thus, workpiece composition, die design, choice of die

materials, conversion coating, and lubricants will have to be considered

together, since minor changes in die design, for example, can lead to a

substantial change in the duties imposed on the lubricant, particularly in

operations such as back extrusion.

For some materials, the possibility of providing improved lubrication

with some of the newer lubricants, such as the synthetic polymers, cannot

be overlooked. It remains to be seen whether surface treatments can be

omitted with these materials or whether alternative, lower cost surface treat-

ments can be found. Difficult-to-form materials are currently cold forged

and extruded to a limited extent only, but their increased application will

call for more effective lubricant systems. In particular, titanium is likely

to present a challenge within the rather near futur.-! because of its incorpora-

tion in high-speed alrceaft.

Cold extrusion benefited from its late introduction to the industrial

scene, and some of the currently available lubricants have been developed

as a result of systematic studies. Future improvements will h&v.-e to be

based on even more concentrated and fundamental investigations.
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11.1 INTRODUCTION

The major requirements of lubricants in various press forming opera-

tions are essentially no different from those in other metalworking processes,

but the wide range of sheet working operations (Section 2.61) and materials

used commercially results in an equally broad variety of frictional conditions

and acceptable lubricants. For some light operations, no deliberate lubri-

cation may be necessary. When deformation is a little more severe, rela-

tively poor lubricants may be employed, such as simple emulsions or

straight mineral oils. Under even more severe conditions, or when the

material is likely to adhere to the tool surface, some of the most heavily

c-rmpounded lubricants available will be called upon to ensure consistent

quality of the product, and to minimize pickup and die wear.

Most of the research into lubrication in sheet forming has been conducted

to determine the order of merit of various lubricant systems under severe

conditions of deformation and to clarify the effect of various parameters on

the efficiency of lubrication, and hence on drawability. Very little experi-

mental effort has been expended to find the cheapest and most effective

lubricants for less rigorous duties, such as shallow presswork, and industry

has generally had to find solutions by trial and error. In consequence,

widely variable practices are found and conflicting opinions are held, as

refl- 'ted in published industrial recommendations.

Agreement is lacking to some extent also regarding the more severe

sheet forming processes. Here, howover, the number of lubricants which

can be used effectively is greatly reduced, and so presswork practices are

more uniform. Moraover, considerable research has been conducted using

teats which correlate with or simulate severe conditions of sheet deformation

and, as a result, more experimental evidence is available in the open litera-

ture.

This chap' 3r will first survey research aimed at evaluating the response

of lubricants to different process variables and at determining the effect of

lubricants on sheet drawability under conditions more typical of the severe

L . . i i
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forming operations. Deep drawing, stretch forming, and ironing are the

processes that have received most attention; of these, deep drawing tests to

form cylindrical cups have been most frequently used since the process cpn

be adapted to incorpor'te the other two modes of deformation. The conclu-

sions derived from th.'s experimental work are, to some extent, applicable to

the less severe processes, provided that correct interpretation of lubricant

action is made. Subsequently, experimental evaluations of diffr'rent lubricant

sybtems and industrial recommendations will be reviewed for both conven-

tional and aerospace alloys. Proper understanding of the terminology used in

sheet metalworking is important for following this discussion; a review of

Section 2.6 is therefore advisable.

11. 2 FRICTION AND LUBRICATION EFFECTS

11.21 Lubricating Mechanisms

The basic mechanisms of lubrication have been discussed in Chapter 3.

From a consideration of process conditions, the mechanism of lubrication

and the resulting surface finish can largely be predetermined for most sheet

metalworking processes. If conditions of boundary lubrication prevail and

breakdown does not occur, generally a good (smooth and bright) surface

finish results. If mixed boundary and fluid film conditions prevail, loads

decrease since friction decreases, and a higher degree of deformation is

attainable, but often poorer (less bright) surface quality results. Uncder

conditions of hydrodynamic lubrication most or all of the sheet metal is

separated from the die by a thick film of lubricant; as a result, the sheet

surface is not smoothed in any way and, in fact, could even become rougher

during processing. The load may or may not be rediced, depending upon

how hydrodynamic lubrication is achieved, but the maximum deformation

generally increases, especially with materials susceptible to pickup on the

die surfaces.

The cost of providing complete separation of sheet and tools by means of

a thick film of lubricant is usually greater than that involved in using a

boundary lubricant. Since the choice of lubricants in industry is largely

governed by economic factors, substances that assure complete separation

of tools and sheet metal (for example, polyethylene sheet) are used only to

a very limited degree. They provide, however, a valuable standard of
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comparison for test purposes. Such !.css conventional thick-film lubricants

are considered for production only when the sheet material is not efficiently

protected by boundary or E. P. additives and is likely to cause die damage

(for instance, titanium or r •fractory alloys).

Separation of tools and sheet can be arranged in two ways: first, a

tenacious film of lubricant can be interposed so that the die is always In

contact with the lubricant, never the metal; these films are provided by

chemical conversion coatings such as the phosphate/soap combination on

carbon steels, or by dry-film and plastic sheet lubricants. All of these

lubricants aad/or tevhniques are relatively expensive, and thus would not

be used for shallow pressings. The second method is the creation of a

hydrodynamic or hydroctatic film of liquid lubricant in the region where de-

formation is most severe.

Consideration of the cupping process indicates that there are two regions

where hydrodynamic conditions are possible (Fig. 11. 1): around the draw

radius and along the punch [1]. It will be noted that cupping is a fairly severe

process which typilies many industrial deep drawing operations. In many

pressings there will be regions where sheet metal is pushed downward by

the punch surface and other regions where metal is dravyn over a flat region

of a die or around a die corner. In this latter instance especially, a hydro-

dynamic wedge can form provided that pressing speed and lubricant viscosity

are high enough. Such a lubrication mechanism wc ild be welcome, since the

die corner is the area where metal pickup and lubricant breakdown most

frequently occur. Pure hydrodynamic lubrication would guarantee that this

is prevented, but in practice speeds and viscosities are high enough only to

give partial fluid-film conditions.

PUNCH
3L A NK LUBRICANT
HOLDER

DIE

Fig. 11.1. Sketch of a deep drawing operation, indicating the regions

where a hydrodynamic wedge may be formed.
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Fully hydrodynamic conditions can be assured only with techniques such

as that utilized by Kasuga et al. [2, 31, ind subsequently by Kazachenok and

Chauzov [4]. The die is set Int) a blind orifice which is filled with oil prior

to drawing (Fig. 11. 2). As the punch penetrates this orifice, lubricant is

forced out between the sheet and die so that metal-to-metal contact cannot

occur. This technique has been recommended for the working of refractory

metals to eliminate galling, often very severe with these metals. The tool-

workpiece lubrication is far better on the die side than on the punch side of

the blank and, as discussed in Section 11.27, this will lead to increased
formability. However, it should be noted that small variations of blank

thickness will lead to preferential flow of lubricant over the thinner mater-

ial. Similar unstable conditions could result if the punch were not precisely

centered. Furthermore, the forces required for the operation would be

higher than if a plastic sheet were used as a lubricant, and the time involved

between operations would probably be greater. Therefore, the process has

limitations as an industrial technique, but in theory it offers a relatively

simple means of separating sheet and die without resorting to expensive

lubrication techniques.

11. 22 Coefficient of Friction

It is apparent from the above discussion that sophisticated or costly

means of lubrication may be necessary to ensure that a severe drawing

operation can be effected without failure. Load reduction is of minor con-

sideration and higher loads may even be tolerated, as long as metal-to-metal

contact is avoided. Similarly, coefficient of friction per se can also be dis-

regarded. Indeed, an average friction coefficient in an operation with such

PUNCH

B.LA .LAWNHOLDER

Do\

Fig. 11. 2. Deep drawing with fluid-film conditions between the die and

the blank [2, 31.
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widely varying conditions as those encountered in cup drawing ceases to be
meaningful (Section 2.63). Nevertheless, Chung and Swift [5] estimated a

coefficient of friction of 0.06 in calculating the loads required for drawing a

low carbon rimming steel cup, and obtained good correlation with loads

observed in experiments using graphite and tallow as lubricant. A summary

of the work of Swift has been given by Willis (6]. Fulai (71 has also derived

average friction coefficients for cupping of Armco iron and aluminum, and

obtained higher values (0.16 for Al, 0.19-0.26 for iron), but with a refined

rapeseed oil as the lubricant. Most of the other examinations of lubricant

behavior in cup drawing do not include estimations of friction coefficient,

mainly because conditions are nowhere consiatent. Much greater use is

made of the limiting drawing ratio (LDR) or the load to draw a given blank

diameter, as a method of lubricant comparison (Section 5.26).

In stretch forming the blank is clamped (Fig. 2.24a); therefore, de-

formation is more uniform and an average friction coefficient has more

meaning. The magnitude of friction can be assessed from the position of

fracture. Fig. 11.3a shows a 2 in. diameter, 0.035 in. thick copper blank

deformed by hydraulic bulging, in which the friction coefficient is effectively

zero [1, 8]. Maximum sheet thinnin and, ence, failure have occurred at

the pole of the pressing. A finite value of friction was acting when the blank

in Fig. 11. 3b was formed over a punch, and the friction has displaced the

point of plastic instability away from the pole. The distance between the

pole and the fracture site can be taken as a measure of the friction coeffi-

cient, so that lubricant comparison may be made on this basis. Good lubri-

cation ensures that the thickness strain is more evenly distriblyted over the

punch surface. Poor lubrication or none causes localized thinning, which

eventually leads to fracture relatively early in the test. Thus, even though

there is no reason for assuming a constant coefficient of friction in stretch

forming, an average value does have significance since there is only one

mode of deformation.

Recent Russian work (9-141 has concentrated to a large degree on the

surface action of lubricants in metalworking, and the significance of a

coefficient of friction is also questioned, but for different reasons. Here,

the metal surface Is retarded as being "plasticized," and a .ayer of low

shear strength mater4 al Is assumed to be present on the surface (see also

Section 3.45). As a direct consequence of this view, the shear strength of
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Fig. 11. 3. Stretch-formed 2 in. diameter cups made from 0. 035 in.

annealed copper, using (a) hydraulic bulging, (b) a hemispherically nosed

steel punch lubricated with polyethylene sheet.
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this layer is taken as a measure of lubricant efficiency instead of the coeffi-

cient of friction. The relative merits of each viewpoint have been discussed

in Section 2. 1.

A novel approach to frictional phenomena in deep drawing was taken by

Kasuga et al. [15-18]. Besides measuring the frictional force by means of a

split blankholder (Fig. 5. 7b), both halves of this blankholder were lapped to

give an optically flat surface. Conformance of the sheet workpiece to the

blankholder surface could then be determined from the optical reflectivity

of the workplece surface, and was correlated with the frictional force and

with the conditions of lubrication. The percentage of light reflected increased

with increasing blankholder pressure and with decreasing lubricant viscosity,

indicating that more lubricant was squeezed out. Further, the percentage of

workpiece surface area in intimate contact with the blankholder was related

to the pressure generated in hydrodynamic pockets, which in turn was found

to be dependent upon lubricant viscosity, in good agreement with observations

noted earlier for rolling (Section 6.28). Kawal et al. [191 also employed a

split blankholder, but this method does not separate friction in other regimes

of the deep drawing operation.

Many workers prefer to investigate friction in simulative tests such as

those presented in Fig. 5. 8 and Fig. 5. 10b. The relative utility of these

tests has been discussed in Sections 5.26-5.28 and will not be further dealt

with here.

11. 23 Effect of Lubricant Viscosity

An increase in lubricant viscosity shifts lubrication towards the hydro-

dynamic regime and thus leads to a decrease in surface friction in both deep

drawing [1, 20-22) and stretch forming [23]. This has been repeatedly con-

firmed by various workers. In the simuL.:ive test used by Littlewood and

Wallace [241, a 0.040 in. thick steel strip was drawn over the curved surface

of a quadrant die while under a back tension (Fig. 5. i0c). They found vis-

cosity to be the primr.ry factor to the extent that E. P. additives which did not

affect viscosity caused little reduction in the friction coefficient. These

additives were, however, beneficial in that surface finish improved due to

reduction in pickup And asoring. In the experiments of Wojtowicz [251 with

the elastically loaded, strip drawing tMst (Fig. 5. 10b) the coefficient of fric-

tion stea"y decreased as the viscosity of piftroleum oils increased from 63

to 4400 cs at 22 C.

Sm. m m • m m.
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Researchers at PERA [21, 26] drew 70/30 brass and mild steel blanks

into cylindrical cups with a flat-nosed punch at conventional and elevated

blankholder loads. Their results confirmed that improved lubrication and

increased LDR resulted with higher viscosity oils at all blankholder loads.

An optimum blankholder load existed for each oil, the optimum increasing

with increasing lubricant viscosity (Fig. 11.4). They also noted that

straight mineral oils gave inferior performance to blended and E. P. oils

of similar viscosity in that they were ineffective in preventing -',*up and

scoring with both brass and steel.

Isachenkov [27] varied sugar content in water to get different viscosities

in drawing operations w!th stainless steel and Duralumin. Here, however,

load decreased and reached a minimum as viscosity increased; at very high

sugar concentrations, the drawing force started to increase. It is conceivable

that at high concentration the consistency of the lubricant changed.

The experiments of Coupland and Wilson [1.201 employed both flat-

and round-nosed punches in the Swift Cupping Test, a deep-drawing teat of

standardized geometry. Steel and 70/30 brass blanks were drawn with four

mineral oils of viscosities from 162 to 2522 Redwood 1 sec at 70OF (34 to 56

4.9 . ... 59.2

4.8 7.
47

W 46 156.54

S44 545II (t '30
43 53.5

42LI - 12
0 45 90 135 1S.O 22 5 270 315 0 405 45.0

BLANKHOLOER LOAD, khb

Fig. 11.4. Effects of lubricant viscosity, e, me& ured in Redwood 1

seconds and blankholder load on the maximum blank diameter of 0. 036 in.

thick mild steel which can be drawn into a 2 in. diameter cup [261.
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sec at 210 F). Increased viscosity increased the separation of sheet and tool,

independent of tool configuration. However, the tool configuration determined

where and how this improved lubrication had most influence. With a flat-

nosed punch, an increase In critical blank diameter was observed (Fig. 11. 5)

while the critical blank diameter decreased with the hemispherical punch.

This apparent contradiction will be discussed more fully in Sections 11.24

and 11. 25.

11.24 Effect of Speed

Speed has been investigated in deep drawing and stretch forming tests,

and also in a simulating test designed to correlate with conditions around

the die profile radius [24] where parti~d fluid film conditions (Fig. 11. 1) may

be generated at high drawing speeds.

In both cupping and stretch forming, the effect is the same as that of

increased viscosity: increased speed causes a decrease in friction coefficient

when a liquid (or viscous) iubricant is used. In cupping, the blank ib drawn

through the die and improved lubrication gives improved drawability (Al'niting

draw ratio) when the punch has a flat end (Fig. 11. 5). In contrast, lower

friction on the punch side decreases the load which can be supported by the

material over a hemispherical punch head and, therefore, the critical blaik

diameter or nimiting draw ratio also decreases.

.4.6

LU90

4,5 -

-J

7- 6-- LU8RICANT---- 5- NUMBER-----4-2.--

500 1000 IscO 2000 2500
VISCOSITY (REDWOOO I sec at 706F)

Fig. 11.5. Effects of lubricant viscosity and drawing speed in drauing

2 in. diameter cups from 0. 040 in. thick rimming steel (1.
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Increas-ed speed gives increased depth of stretnh-formed cups because of

improved lubrication, since the position of the fracture site moves closer to

the pole of the cup (Fig. 11.6) as discussed in Section 11.22. This was also

found by Wilson et al. [28] who conducted stretch formi-g tests using a modi-

fled Swift iopping apparatus, with Esso TSD 996 (an E. P. oil containing 90%

mineral oil and 10% chlorinated wax, and having Redwood 1 viscosity of 86

sec at 2000F) as lubricant.

No matter how speed affects the limiting drawing ratio, the lubricating

prcoerties of liquid lubricants are enhanced by increasing the speed 'f

punch travel. This enhanced lubrication is attributed to an increase in aver-

age lubricant film thickness between tool and workpiece, similar to that seen

in wire drawing (Section 7.24) and rolling (Section 6.23).

The behavior of solid lubricants should be unaffected by speed variations, .
and for this reason, Coupland and Wilson tested both brass and steel at vary-

ing speeds using graphhe in acetone, a volatile carrier, as a lubricant.

While speed now had no influence on the behavior of brass with efther punch

configuration (Fig. 11.7), steel exhibited a much reduced speed effect. How-

evel, this was readily explained on the basis of the strain-rate sensitivity of

115 fpm

50-

40 V-W
Z 30

lLLIz

"" 0

0 05 1o 1.5
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Fig. 11. G. Effect of punch speed on thickness strain distribution in

stretch-forring 0. 036 In. thick steel until fracture occurred. Chlorinated

oil was the lubrika.t, with a 2 in. diameter hemispherically nosd punch [11.
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FMg. 11. 7. Effect of punch speed in deep drawing 2 in. diameter cups

from annealed 703/30 brass lubricated with graphite: (a) flat-nosed punch,

(b) round-nosed punch [201.

the steel, and it was considered likely that the effectiveness of the solid

lubricant was not influenced by speed. Fukul and co-workers [29] found that

graphite, applied in aqueous solution to a metal strip, as well as a dry wax

film, gave a constant coefficient of friction in a sinulated ironing test, in

which mild and stainless steels, copper, and aluminum were drawn through

a double die at various speeds.

11. 25 Effect of Tool Profiles in Deep Drawing

It is evident from Sections 11. 23 and 11. 24 that the punch profile in-

fluences the consequences of frictional variation in deep drawing.

With a fiat-nosed punch, lubrication between punch and sheet is rela-

Lively insensitive to variations in speed and lubricant viscosity, and the

improvement in interface conditions between the die and sheet causes an,

increase in LDR. Indeed, higher friotton on the punch aide is beneficial

because it helps transmJt the drawing force (Section 2.64).
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With a hemispherical punch profile, punch surface conditions have over-

riding effects on the limits of formability. As friction between the punch and

sheet decreases, the sheet strain is distributed more evenly over the punch

surface. Thus, stretch forming with the blank clamped not only allows deeper

punch penetration but also causes the load at which fracture occurs to de-

crease, because less of the load is transmitted to the punch. In deep draw-

ing, this decrease in fracture load leads to a decreasing LDR as lubricant

efficiency increases.

The hemispherical punch represents one extreme of conditions in cup

drawing, and the other extreme would correspond to a flat-nosed punch with

sharp 900 corners. The latter would cause the bottom to be punched out, and

it is common practice to have a radius on the corner of the flat punch, usually

of around 10 times the sheet thickness.

In order to eliminate the effects of lubrication over the punch nose from

cup drawing tests, Wallace [30] suggested that the ratio of punch profile

radius to punch diameter should be less than or equal to 7T/4 times the co-

efficient of friction; the fracture site will then usually be located in the wall

of the cup (at the secondary neck) rather than at the punch profile radius (the

primary neck which is caused by bending under tension).

11.26 Effect of Tool and Seet Surface Roughness

Several investigators have shown that the surface roughness of both tool

and workpiece is of great importance in sheet metalworking operations. These

parameters affect not only the value of the coefficient of friction and the mcie

of lubrication, but also the eurface finish of the product.

A rough punch surface increases friction, which in turn helps to support

the drawing load and thus increases the limiting drawing ratio in deep draw-

ing and cupping. This effect has been repeatedly confirmed experimentaily

and is exploited in practice. Thus, Keeler [311 found that localized strain J.

the punch profile radius was responsible for failure in drawing steel with a

4 in. diameter punch. A piece of emery tape, affixed to the punch in (he

region of high sheet strain, redistributed strain, retarded failure, and there-

fore allowed greater limiting draw ratios to be obtained. Keeler notes that

in th, automobile industry similar effects are obtained by roughening the

punch. Wallace [321 has shown that punch surface roughness may override

the importance of selective lubrication (Section 11. 27) in increasing the
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limiting drawing ratio. In cup drawing tests on rimming steel, better results

were obtained with a lubricated knurled punch than with a polished punch which

was not lubricated (the die was lubricated in both cases).

Since surface roughness increases friction, a smoother draw die finish

is generally desirable. For example, Fukli and co-workers [331 used a

cupping test to determine the best conditions for drawing mild steel shec.

and recommended that die and blankholder surfaces should have roughnesses

of the order of 3-4 t in. maximum peak-to-valley height. This value was

confirmed (29] by a strip drawing test having similarities to ironing. They

also found that, in the presence of a lubricant, die material has no effect

on friction coefficient-only its surface roughness is important. Without a

lubricant, composition Is of major importance in determining friction and

adhesion in metalworking processes (Section 3.25).

The effect of sheet surface roughness is more complex, and is much

more dependent upon lubricating conditions. Whitton and Mear [34] showed

that increasing the surface roughness of steel sheets from 40 to 65 u in. CLA

p,.y abrasive methods resulted in a slight increase of limiting draw ratio when

smooth tools and a lubricant equivalent to TSD 996 was used. Butler and

Wallace [35] found that if smooth sheets were drawn with a lubricant, the

sheet metal was prone to wrinkling and puckering, caused by lack of control

between blankholder and dies. This control was attained by the use of

rougher sheets, and the occurrence of wrinkling decreased; at the same time,

tooling suffered less damage through metal pickup [36]. Presumably these

effects are due to the increased number of hydrodynamic or hydrostatic

pockets on the sheet surface, which not only serve as lubricant reservoirs

to decrease the average friction coefficient throughout the draw, as in the

experiments of Whitton and Mear [341, but also provide enough high spots on

the surface to establish intimate contact with the blankholder at the edge of

the specimen, where interface speed and deformation are low. This gives

the control required to prevent wrinkling of those regions of the specimen

nearer the die orifice.

Any advantages of increasing the roughness of the sheet must also be

be related to the lubricant viscosity, as shown by Fukui and co-workers [33].

They found that bright or dull finished sheets, produced by rolling to the

same thickness reduction with rolls of different surface roughness, showed

little variation in dc-vp drawing behavior unless a very viscous lubricant was
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used. With a lubricant of 1600 Redwood 1 sec viscosity at 500C, better per-

formance was obtained in cupping tests with dull finished sheets. Using a

strip drawing test, Fukui et al. [29] confirmed that an increase of surface

roughness caused a decrease of friction coefficient when a liquid lubricant

was used.

Fogg [23] has summarized the effect of sheet surface roughness on fric-

tion when a liquid lubricant is used. In stretching and drawing tests, it was

indicated that friction increases with increase in surface roughness when the

tool contact pressures are a small fraction of the bulk yield stress of the

sheet material. If contact pressure and yield stress are of the same order,

however, small reductions in friction can occur but this depends on the

lubrication. This latter statement is in accordance with the observations of

Fukuli et al. [33], who found frictional reductions only with a very viscous

lubricant. With a solid lubricant, sheet surface finish did not affect the

forming characteristics of the sheet [33].

Littlewood and Wallace [24] have suggested optimum sheet surface

roughness values. They estimate that 40 Ain. CLA should be representative

of many types of industrial pressings, but in auto body presswork where

greater control through blankholder beads is required, 55-80 pin. is con-

sidered a more applicable standard. Butler and Pope [36] have confirmed

these values.

The initial surface roughness of the sheet will, together with the lubri-

cating conditions, determine the final surface characteristics of the formed

product. If no lubricant is used, mntinmte sliding contact promotes burnish-

ing of the surface and great reductions in surface roughness result. In some

instances, especially when the sheet material is steel which will subsequently

be painted, a burnished surface is a disadvantage [371, since burnishing re-

duces the activity in phosphate pretreatment solutions. In this case, fluid

film lubrication would be much more beneficial, with regard both to the re-

duction of friction which leads to lower loads and increased formability, and

to the suitability of the resultant surface.

With liquid lubricants, there is the same relationship as in rolling

(Section 6.22) between the degree of smoothing and the lubricant viscosity:

the lower the oil vie;osity, the greater the smoothing of the sheet. In other

words, with increasing viscosity, higher blankholder loads must be applied

to produce a similar area of burnished surface, and lubricants of high



718 JOHN A. NEWNHAM

viscosity can actually cause a roughening through the generation of hydro-

dynamic or hydrostatic lubricant pockets. An interesting effect was observed

by Kasuga et al. [171, who found not only that a sheet material having a larger

initial grain size gave higher blankholder friction (because lubricant could

become entrapped at fewer sites) but also that the larger grained material

was rougher after deformation. To explain this phenomenon it was theorized

that hydrodynamic pockets were deeper but less widespread for large-gralned

material. Some supporting evidence for this was shown in micrographs of

the original grain structure and of the processed surface.

It should also be remembered that the extent of smoothing varies from

point to point on the blank surface. Lange and Dalheimer [38] noted that

surface roughness is greater at the inside of a drawn cup because of lubricant

entrapment, and there is also a gradual increase in roughness from the cup

radius to the lip of the cup, because of the greater amount of deformation

at the lip. Conditions are reversed at the outside wall because of contact

and sliding over the die radius. At the base, smoothing may occur inside the

cup, where metal has been in contact with the punch, whereas the outside

surface roughness is unchanged from the ar-ginal value, since here there

has been no contact with the die; free bending in this area may even increase

surface roughness if the grain size is large (orange peel).

In industrial pressworking, surface roughness of tools and sheet must

be considered from several viewpoints so that optimum conditions may be

determined. Usually, intentional roughening of the tools is not practicable,

since subsequent use will cause gradual smoothing of asperities. The solu-

tion of any forming problems by this means is mostly a temporary one and

can give rise to constantly varying pressing conditions and a high rate of

tool wear.

The aurface roughness of the sheet metal, however, is a very important

consideration in press shop practice. For a given operation, using a liquid

lubricant, the combination of lubricant and surface roughness will determine

the iurfacc quality of the pressing and the effective frictional conditions

between tool and workpiece. Since all process conditic.ns are standardized

for most pressworking operations, it Is obviously important that the surface

corditions of the sheet metal conform '4o strictly governed specifications.
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11.27 Selective Lubrication

According to Lloyd [371, the practice of hand-applying lubricants persists

in the sheet metal industry mainly because of the great benefits that are ob-

tained by lubricating only selected areas of a sheet metal blank prior

to pressing. However, these benefits are gradually being forfeited because

of the difficulty of fitting the hand application operation into continuous press

lines. Wilson [11 suggests, in view of the progress in roller-coating of

dry-film lubricants, that blanks may someday be coated in selected areas by

this technique. This would obviously overcome the objections to the manual

method, since the roll3r-coater could conveniently be installed in a produc-

tion line.

The benefits of lubricating selected areas of a blank and leaving other

areas without lubricant are significant. The most easily observable effect

correlates with that of roughening the punch, as in the preceding section.

Obviously, lubricating the die, while leaving the punch unlubricated, will

produce a similar increase in limiting draw ratio [1, 22, 39-41], because

high friction between punch and sheet allows the load-that would be borne

only by the sheet under well-lubricated conditions-to be transmitted to some

extent to the punch. Because of this reduced load on the sheet metal, greater

total loads can be accommodated, and hence deeper draws can be obtained

before failure. Conversely, with punch side lubrication only, conditions are

worse than with full lubrication and, consequently, the LDR drops. This is

true for both round- and flat-nosed punches.

Deeper drawing, however, is not the only advantage of selective lubri-

cation. Timoshchenko [421 investigated thinning and observed that full

lubrication reduced localized thinning with a flat punc4 (5 1/2 in. d~ameter)

having a large profile radius (1.2 in.). With a small radius (0.3 to 0.35 in.),

lubrication on the die side only wrs recommended.

Despite advantages, one difficulty with the use of selective lubrication in

industry is that lubricant may very quickly Ka tran'iferred from die to punch,

or from wet areas to dry areas when conventional liquid lubricants are used.

For this reason, the alternative approach of roughening the punch was sug-

gested by Wallace [32• and others 121, 331 although this method of improving

drawability also has its problems, as discussed in Section 11.26.
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The necessary reproducibility and control in selective lubrication tech-

niques may well come from dry film lubrication of selected areas of blanks

[1]. An even more promising technique may be that of selective phosphating.

Wilson [1) has shown that improvements in limiting draw ratio can be ob-

tained with steel blanks phosphated and subsequently lubricated with soap, on

the die side only, while using E. P. oil on the punch side (FIg. 11.8). With

4 .m I I I I I

4.8 I I I I
DRAWING I28

4LOADS CRITICAL
4.6 BLANK

SIZES .i
W ~26 :iW1 4,.4-

F• _ I 9 p I "

IOfpm 2444.2 m a I I !,
- j 0

3.-- I LI I0
I II I I -

0 - '204-2

HITE PHOSPHATE PHOSPHATE
BOTH BONDERLUBE BONDERLUBE DIE SIDE•,
SIDES BOTH E.P.OIL PUNCH SIDEI SIDES

E P OIL EP. OIL OIE SIDE.

BOTH SIDES PHOSPAATE-BONOERLUBE
PUNCH SIDE

Fig. 11.8. Effects of selective lubrication on critical blank sizes,

maximum drawing loads, and stripping loads In deep drawing 0. 065 In. thick

annealed low carbon steel into 2 in. diameter cups, with simultaneous wall

ironing [11.
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the development of high-speed spray phosphating [43], such a inethod could

have application as a means of achieving reproducible selective lubrication.

In the experiments of Wilson [1] blanks were phospLated and then drawn

into cups with heavy ironing of the walls-to the extent of about 50% reduc-

tion in wall thickness. In ironing the tool pressures &re more severe and

surface extension is much greater than in a free draw; therefore, lubrication

is more critical. It has been shown in pure ironing experiments [401 that

optimum conditions of lubrication occur when a good drawing lubricant is

provided between the die and cup surfaces and good lubrication between cup

and punch Is avoided. Fortunately, these requirements are Identical to the

optimum conditions for deep drawing without ironing. Under these condi-

tions the irming load Is reduced, and the high friction acting over the punch

not only helps to support the drawing load but also relieves the tensile

stresses in the cup wall, so that larger ironing reductians are possible for

a given load. Ironing Is, of course, very similar to tube drawing over a

bar, and many of the lubrication techniques used in tube drawing (Section

7.29) are applied to wall Ironing.

11. 28 Lubrication Standards in Simulating Tests

Perhaps the greatest interest ir the most common deep drawing and

stretch-forming simulations (such as the Swift, Ericksen, and Olsen tests)

arises not from a desire to evaluate the relative performance of various

lubricants, but from investigations Into the effect of process variables on

the quality and physical properties of sheet metal. In these investigations

the "drawability" and "stretch-formability" of the sheet are evaluated and

reiated to the processing history of the sheet metal-lubrication is pre-

ferably kept a constant.

From the foregoing discussion it is apparent that both Swift (deep draw-

ing of a cup) and Ericksen (stretch-forming of a clamped sheet over a hemi-

spherical punch) test results are influenced by many variables other than the

properties of the sheet metal under investigation. For this reason Kemmis

[441 drew attention to the need for a set of standards for the Swift test,

and proposed specifications which not only fixed the dimensions -of the

apparatus, but also standardized the lubricant to be used. "te suggested

lubricant was to be a mineral oil of 70-80 sec Redwood 1 viscosity at 2000F,

and with a specified viscosity index, pour point, and flash point. When used
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with ferrous materials, the oil should be blended with 10% chlorinated paraffin

wax (an E. P. additive) of about 35% chlorine content. A standard method of

application was also suggested.

The use of a standard Swift cupping test lubricant is now quite widespread.

A proprietary oil, Esso TSD 996, has properties similar to those specified

bj Kemmis [44] and is very frequently used in Europe not only in Swift tests

but also in the Ericksen stretch-forming simulation, so that results of many

investigators may, to some extent, be correlated. However, there are ob-

viously ma-y drawbacks in using a liquid lubricant, because the surface fin-

ish of both the die and strip material play a large pe-t in determining the

efficiency of the lubricant, as does the drawing speed. Moreover, Wilson

and Butler (22] point out that it is primarily the lack of standa.-dization of

frictional effects which necessitates a lengthy experimental determination of

a limiting draw ratio as a measure of sheet metal drawability. If the tool-

workpiece interface condition were accurately specified, a comparison of

fracture loads and drawing loads measured on blanks of standard size would

provide a criterion of drawability of equal significance to that of the limiting

draw ratio. Such evaluations would be far less time consuming and more

convenient.

For these reasons, Wilson and Butler [22] suggested polyethylene sheet

as a standard lubricant since the frictional force would then be a function

only of the shear strength of the polyethylene sheet. Indeed, polyethylene

sheet has been found very effective as a lubricant in deep drawing tests. In

experiments on low carbon steel sheets, Atkinson and MacLean [45] obtained

a high (90% confidence limit) correlation between limiting draw ratios and R•,

the average width strain to thickness strain ratio, which demonstrated that

there had been negligible variations in lubricating conditions. Wilson and

co-workers [46] examined similar parameters with equal success using

steel, zinc, aluminum, and titanium sheet metais.

Kaftanoglu and Alexander [47] pointed out that, while friction over the

punch head in the Ericksen test (a stretch-forming test) may seem desirable

from the point of view of simulating practical conditions, it may obscure the

response of the material to the imposed biaxial stress sydtem. Since poly-

ethylene and PTFE sheet were known to have good lui-ilcu.tion properties

in stretch forming, these were suggested as standard lubricants for the

Ericksen test. Yokai and Alexander 148] confirmed that this test was
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improved with PTFE as a lubricant and with a grooved blankholder that pre-

vented any drawing-in of sheet metal during the tests, since only the stretch-

forming properties of the metal were then evaluated. Lloyd [37], however,

does not recommend PTFE in sheet Zorming because of its low ductility,

which sets an obvious limitation in systems where shearing of the intermedl -

ate plastic film occurs. In Ericksen tests conducted in Lloyd's laboratory,

polyethylene was found most suitable [49]. Difficulties were encountered only

when the tests were scaled up; with an 8 in. diameter punch Lloyd [37] found

that fracture of the stretch-formed sheet occurred not near the pole of the

dome, but close to the die ring, presumably because polyethylene had too

high a shear strength. This is a serious limitation for plastics for use in

industry, but not in materials testing, since the stretch-forming properties

of a metal sheet would not normally be tested on such large scale. For lab-

oratory stretch-forming tests, polyethylene shoet seem-: 1o be the most

suitable lubricant since It provides a simple and effective means of standard-

izing conditions at the pw'ch-metal interface.

Therefore, it seems that when only the properties of the sheet material

are under investigation, polyethylene should be the standard lubricant for

both stretch forming and deep drawing, thereby eliminating many factors

which could obscure material property variations or mislead the investigator

if a liquid lubricant were employed.

11.29 Lubrication in Other Methods of Forming

So far, discussion of lubricants has concentrited on only three

operations--namely, deep drawing, stretch-forming, and ironing. These

processes are extensively used in industry. Stretch-forming and wall iron-

ing were seeni to be the simplest of the operations, in that only one mode of

deformation occurred. Of these, the severest interface conditionu prevail in

ironiug, where high surface strains occur and very good lubricants are re-

quired. In stretch-forming, much smaller deformations are involved, so

that high-viscosity fluids co.dd be used without breakdown. The cupping

operation, however, useful as it is, was seen to be more complex, so that a

number of functions must be fulfilled by the lubricant. Since cupping may

include wall ironing, once again a more powerful lubricant would be required.

These three operations are, of course, but a few of the vast number of

sheet metalworking processes, and while it would be impossible to review
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them all, some deserve mention because of the special lubrIcation situations N

they create.

Drawing of Irregular Miapes

Industry is frequently concerned with deep d 'awing of irregular shapes, .

With these shapes it often becomes desirable to restrict the flow of metal

into the die, In order, for example, 1o avoid flange wrinkling. Thi,; is done

by raising the force necessary to draw the metal through that particular

region on the blankholder. Raising the friction force by leaving this region

unlubricated is one method which could be used, but a far simpler and more

reliable technique utilizes draw beads or spleens Incorporated into the blank-

holder surface (Fig. 11. 9).

Some basic vork on the effect of draw bead geometry on the induced ad-

ditional tension in two-dimensional bending tests wps presented by Fukui and

Yoshida [501. They found that a rectangular draw bead with an appropriate

corner radius had a greater effectiveness in controlling tension than a draw

baad of circul.ar section. Butler and Pope [51] have discussed draw beads

with respect to materials and surface finish. They noted that, in general,

aluminum requires larger radii on the draw beads than steel, in order to

achieve direct bearing on the flat araas between the beads. They also noted

that smooth sheet is not able to draw lubricant into areas of high pressure and

could suffer severe damage when passing through draw beads, whereas

rougher sheet retains lubricant in the asperity troughs.

Some friction difficultie.. _- arise with draw beads; for example,

roller-coated maw 3rial cause -Qiae problems because the lubricant may

build up on the beads. Nevertheless, they allow a great degree of flexibility

SSMEF'T ME TAL.

DRAW BEAD

Fig. 11. 9. &etch of a typical draw bead configuration.
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in deep drawing, not only with regard to complexity of pressing, but also with

respect to the process. Lloyd (52] gives an example where draw beads have

been utilized to give a draw-stretch forming proress, th.ereby avoiding the

use of hydraulic radial blank tension. In any event, the technique is still pre-

ferred to selective lubrication because of its simplicity.

Rubber (Hydraulic) Formi

The cost of tools for sheet forming may be very high. In the automotive

and household app!iance industries this cost is usually distributed over many

hundred thousands of parts produced with one set of tools; therefore, even

though die costs are of great concern, rigid die• are mandatory. In the

aerospace ine',stry, however, where relatively few parte are produced per

set of tools, any m'nthod of forming which involves cheap tooling iz of inter-

est. The rubber die and "-ydroforrn" processes (Fig. 11. 10) only require

a rigid punch, whereas the die is ot cubb!er and therefore very cheap. if a

(2)

(3) (4)

Ftg. 11. 10. Operational seouence for the Cincinnati Hlydroform Proctss.

(1) Blank in placed on Alankholder; (2) forming charther is lovwered and

initial pressure applied; (3) pancb moves upward irto f.lexible die member;

(4) pressture is releaSLd, forming chamber is ramised, and the finished part

in strip!-e.d from the panch.
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lubricant is necessary for rubber pad forming, it should be neither too acid

or too alkaline [531, so that there will be no detrimental effects on the rubber

pad.

Panlkin [54] has compared the various techniques utilizing a rubber die

with conventional forming and noted that, frequently, large improvements are

possible in depth of draw. This Is attributable to the fact that the stress in

the sheet to be drawn is redistributed, so that the effective peak stress is

made less tensile [551. This results in a greater LDR for a given sheet. A

method used by Maslenmkov [56] goes further by eliminating the punch which

causes the high tensile stresses, replacing it with a rubber ring placed on

what would be the punch side of the blank (Fig. 11.11). As load is applied,

the rubber flows toward and into the die orifice, drawing the metal sheet with

it. The operation now Is largely accompanied by compressive stresses.

Under such conditions, it is claimed that the LDR for aluminum alloy sheet

can bu Increased from between 2.0 &nd 2.5 to 6.6 and at the sa.•- , time the

number of draws for a given shape can be reduced from 8 to 1. A lubricant

is of great importance to reduce friction between the rubber and the die body

P P

DIE

~IAU88ER
RING

Fig. 11. 11. Sketch of a deep drawing method La which a rubber ring

replacer the punch. (a) Die assembly shcowing blank in position; (b) with

pressure applied, rubber ring is forced in towards the die orifice [561.
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which supplies the forming force, and also to ensure a low strain gradient

across the thickness of the rubber ring.

Yet another process has involved hydrostatic pressure. Fuchs [57, 58]

has described an operation in whiuh the cooling was basically similar to that

used in conventional cupping, but a pressurized liquid was made to act on the

blank. By this means better lubrication was achieved, giving a good surface

finish on the drawn product and decreasing the die wear. A small increase

in LDR was credited to the fluid pressure acting on the edge of the blank,

which gave rise to a combined extrusion-drawing mechanism. Since thinning

(and necking) of the sheet metal in drawing is not affected by hydrostatic

pressur3, it is not surprising that very little increase in LDR was observed.

Other Operations

Many of the other industrial processes may not require lubricants.

Thus, in bending and manual spinning, lubricants are used only when the

metal is difficult to form and might stick against the working tool, giving

high wear rates and poor product surface finishes. In power spinning (shear

spinning) the high localized temperatures generated necessitate a lubricant

that also performs the function i =. coolant.

Currently, there is much interest in processes such as explosive forming

where no punch is required since the metal is propelied toward the die by the

explosive force. The die is also cheap to construct, often consisting of

Kirksite (a zinc-base casting alloy), epoxy-lined concrete, or fiberglass [59].

Stretch-forming dies can also be made of these inexpensive materials,

accounting for the wide use of this process in the aerospace industry where

parts are produced in relatively small quantities. Explosive forming and

other single-die forming operations may be frequently performed without

lubrication, offering a double advantage over conventional techniques.

Lubricants are applied primarily for the reduction of tool wear and also

for prevention -f pickup in blanking and slitting operations. In experiL'ments

aimed at developing a process for blanking materials with minimum edge

damage, Meyer and Kienzle [60] found that a lubricant promoted material

flow around the punch edge and increased the proportion of the smoothly de-

formed edge surface by some 10% for alumlnum and 20% for a medium carbon

steel. In this respect, lubrication had the same effect as a slight rounding

of the punch radius. In these and other le- s severe operations lubricanth of
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low or intermediate efficiency may adequately serve the purpose, and the final

choice of lubricant always depends more on the workpiece material than upon

the operation concerned, at least if rigid tools are used.

Vibrational Energy

Among the latest modfications in metalworking methods is the application

of ultrasonic energy to the deforming tools; a general review has been given

in Sections 7.28 and 7.29. The technique has been used in sheet forming for

dimpling [611, ironing, and cupping [62, 63). Dimpling of a titanium alloy

and 7075 aluminum alloy was reported by Peacock [611, and the apparatus on
which tests were made is schematically represented in Fig. 11. 12. Sheets
of copper were deformed during the ironing and cupping experiments of

Langenecker et al. [621. In both sets of experiments, low static loads were

observed. There was evidence that the friction coefficient between tool and

workpiece was lower tr m in a conventional operation, since the product

structures were more homogeneous. Kristoffy et al. [63] has shown that the total

amounts of energy in both oscillatory and conventional operations were equal,

indicating that the real benefit was essentially that of lower friction. How-

ever, lubrication in these sheet forming processes was not discussed.

11.3 LUBRICANT TYPES FOR SHEET FORMING

The whole range of metalworking lubricants has been considered from

the standpoint of their chemical and physical properties and functions in

A ULTRASONIC
VIBRATIONS

VIBRATOR 20,000 Hz

AE ZONE OF
WORKMOTION -2A

ANVIL

STATIC PRESSURE

Fig. 11. 12. Schematic diagram of arrangement for dimpling of sheet,

using ultrasonic energy [61).



11, SHEET METAL WORKING LUBRICATION 729

Chapter 4. However, not all of these lubricants find use in sheet metalwork-

ing, and it will be pertinent to review the lubricant types havi ng application

in this field prior to considering the lubricants used and recommended for

specific materials and processes. The ccmmon lubricants used in sheet

forming have been discussed by Bastian [64 -67], Salz [68-72], White [73],

Lloyd [37, 49], ASTME [53], and others [74-82].

Saiz [70] suggests that the most suitable lubricants for sheet forming can

be selected by considering first the severity of the operation (which will then

indicate the efficiency required of the lubricant, and also the cost to be ex-

pected) and then the secondary properties of the lubricant to see that they

agree with other industrial requirements whiich will hate varying degrees of

importance in different operations. By this means, the number of candidate

materials can be reduced considerably.

Determination of the best lubricant involves many factors discussed in

Section 5.1. The severity of the forming operation can be determined by

reference to the type of sheet metal to be drawn, its condition, the change in

shape required, and the design of the tools. The sheet metal involved has

great influence on the difficulties to be expected in providing an efficient

lubricant. Copper, of course, is very ductile and has little tendency to gol"

against the tools, so that it poses few problems. Stainless steel, on the othar

hand, presents many difficulties. As is implied by its name, it is not a

reactive material, so that conventional boundary and extreme pressure addi-

tives are not efficient when used as lubricants. Similar difficulties are en-

countered in working titanium alloys, the superalloys, and the refractory

metal alloys. The condition of the metal relates bowh to its strength, as

determined by prior cold work and/or heat treatment, and to its surface

condition. Increase in yield stress of the sheet before forming will lead to

increased pressure requirements and reduced ductility in the forming opera-

tion. Scale on Lbe surface of the metal, though sometimes acting as a lubri-

cant for hot work, is detrimental in cold working. Obviously, the change in

shape required and the means of doing this have great influence: a part pro-

duced by expiosive forming might n#ied no lubrication, whereas if it is made

by deep drawing, it almost certainly will. The design of dies must also be

considered; for examnle, small rad.i might increase the severity of the draw.

The secondary considerations are not always as obvious. Satisfactory

lubricating performance must be considered along with several other factors.
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The lubricant should be physiologically safe, so that materials containing

toxic substances or skin irritants should be avoided. Corrosion of the sheet

metal should be avoided and many lubricants do, in fact, contain corrosion

inhibitors. In addition, compositional limits may have to be set. Thus, the

free fatty acid coLtent of a lubricant is often kept below 1% if staining is to be

avoided with copper and its alloys. Similarly, water-dispersible lubricants

should have a pH1 value below 9, to avoid white stains with zinc and stainless

steel. Other properties requir.d of the lubricant are stability and, if the

drawn part is to be welded before cleaning, residual traces of lubricants

should not affect weldability. Ease of removal, rust prevention during stor-

age, or subsequent painting requirements may also be very important.

The economics must also be considered; this is not solely represented by

the bulk cost of lubricant material, bu' factors like frequency of tool recondi-

tioning, tool life, number of components, and ease of application and removal

will have to be taken into account to give a realistic estimate.

From a survey of the open literature, and from information obtained by

contacts with industry, it appears that the range cf lubricants in current use

for sheet forming can be classified into eleven basic groups. These will now

be discusaed with reference to their composition and to application and re-

moval methods.

(1) Soap Solutions. These are predominantly potassium or sodium oleates

or stearates diluted with water. Soap concentration is tailored to the diffR-

culty of the operation. The solution is frequently brushed onto the sheet

metal, but may also be supplied by a drip system. Continuous circulation of

soap solutions is not practicable because of their foaming characteristics.

The lubricant is easily rinsed off with water after forming.

,2) Soap-Fat Compound Emulsions. These are fairly thick pastes, con-

taining some 35--60% fat, and are usually diluted with water before use. The

amount of water ueed will depend upon the severity of the operation; a 1:1

ratio is often favored for the heaviest work, while 6 parts of water may be

added for light work. These compounds are applied to the workpiece by

brushing, dipping, or roller coating. Their removal is difficult by either

vapor degreasing or aqueous cleanitig.

By adding between 10 and 50% ot solid filler, such as t,.lc, chalk, mica,

or others to soap-fat compounds, they will withstand very severe operations.
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These compounds are either used as supplied or diluted with water, but the

removal of pigment from the part after forming is very difficult, and repre-

sents a serious drawback to the performance of this lubricant.

(3) Soluble Oils (Emulsions). The so-called soluble oils are oil-in-water

emulsions of mineral oil (Section 4.3). They can be used in a recirculating

system or can be applied by hand or drip feed. The straight soluble oil emul-

sions are not capable of withstanding very high pressures and are used for

mild operations only.

Boundary additives incorporated into the emulsion allow it to be used for

more severe operations. E. P. additives are sometimes beneficial in that

greater pressures can be tolerated, mainly in the drawing of steel; but more

care must be taken in removing the residue, or corrosion might occur.

(4) MineralOils. Mineral oils are relatively inexpensive but often fail

to provide adequate scoring protection at even moderate loads. They are,

therefore, only suitable for use in very light we ý king operations. They are

applied by various methods and removed by aqueous or vapor degreasing.

Their performance is often !mpr )ved by the addition of 5-50% boundary lubri-

cating agents.

Addition of about 5 to 50% of either sulfurized oil, chlorinated oil, or

phosphorus compounds such as tricresyl phosphate gives mineral oils the

capacity to withstanci severe sheet deformations, provided that these active

molecules react with the metal concerned. Oils containing chlorine additives

are effectively removed by vapor degreasing.

(5) Straight Fatty Oils. These are more efficient as lubricants than the

mineral-fatty oil blends, but are also usually more expensive and far more

difficult to remove:. Lard oil is one of the cheaper of these oils, and has

found wide use. Palm oil is frequently used in rolling stel strip, and may

often be a residual lubricant in presatng.

(6) Undiluted E. P. Oils. When metal deformation is severe, straight

chlorinated or sulfurized oils may be used. Chlorinated oils prolong die

life and are favored in deep drawing, but can cause corrosion of the product

unless removed completely either by vapor degreasing or, if the oil contains

an emulsifier, by aqueous methods. Sulfurized oils are more widespread

for blanking than for drawing. These offer better rust protectlou than

chlorinated oili but may not give as good die life.
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(7) Phosphate Coatings. Phosphate coatings assure separation of tools

and workpiece in the most severe operations, usually in conjunction with a

soap as a lubricant. Application may be by dipping, roller coating, or spray-

Ing. The main drawback is removal, which is quite difficult since these are

chemical conversion coatings. If the part is to be subsequently painted, the

phosphate coating may serve as a paint base. Usually, however, the part

will have to be rephosphated anyway, since most of the original phosphate

coat is removed during working and in the operations prior to painting [771.

Therefore, this coating finds only limited use in sheet forming, mostly when

it is absolutely necessary to have 3core-free surfaces. An oxalate coating

replaces the phosphate coating for stainless steels, bat is seldom used in

sheet forming because the special techniques required for oxalate removal

might spoil the surface finish of the sheet.

(8) DM F Coatings. There are es.ventlally two types of dry film

lubricant: the solid soap coating [83], and the plastic polymer [84, 85]. Of

these, the former is by far the most widely used. Soaps are applied by either

immersion or roller coating techniques, and are subsequently dried in an

oven. Aqueous methods are generally adequate for removal of soap coatings,

whereas the plastic polymer type needs organic solvents. Both give excellent

lubrication properties, and are used mainly for drawing of large sheets.

Dry soap coatings are also used in conjunction with a phosphate undercoat.

There are advantages to be found with both types of dry film lubricant.

The dry soaps are only a quarter the price of acrylic resins and are water-

soluble, but the plastic polymers give much greater corrosion protection in

humid conditions, which soaps would not withstand. This is also a disadvan-

tage when sheets are precoated with soap and stored, since a damp soap film

offers much less mechanical protection during handling than the -lastic film.

Some plastic film lubricants may be applied at room temperature and, in

particular, do not involve oven drying, which is a drawback with some soap

films.

However. the water-soluble dry filhn lubricants possess more of the

in(djstrialU !nhportant advantages such as low cost, generally lower friction,

and greater versatility in performance [831; therefore, they are more widely

used.

Waxes may also be regarded as dry-film lubricanta. However, they are

not water-soluble, and this is the main drawback from an industrial point of
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view. Otherwise they have properties which are not unlike those of a dry

film soap; they can withstand high pressures, and natural waxes have a

polarity which will ensure at least boundary lubrication if the film is severely

thinned [86]. The chief attribute of some waxes is their moderate temperature

resistance up to about 300 0C, which other dry film lubricants do not possess.

Other waxes volatilize leaving no carbonaceous residue on heating at around

250 C and are thus removed during annealing [86]; more often, however,

satisfactory removal is achieved only by means of solvent degreasing.

(9) Solid Lubricants. Graphite and molybdenum disulfide are the common

solid lubricants. They are often dispersed in a volatile vehicle (for instance,

alcohol, kerosene, or naphtha,) and are applied by spraying, brushing, or

dipping. The solvert flashes off and leavee only the solid film which can

withstand high working pressures and moderately high temperatures. The

chief drawback with these lubricants is that removal is very difficult. Fre-

quently, mechtlncal surface cleaning Is required in addition to vapor degreas-

ing or solvent cleaning.

(10) Sheet Lubricants. Polyethylene and PTFE sheets find very limited

application in the sheet forming Industry because of economical considera-

tions, but it has been shown that they are v_ry efficient under severe condi-

tions of deformation, since metal-+to-metal contact is prohibited .s long as
rupture of the sheet is avoidedi. They are the cleanest and easiest to handle

of the lubricants so far discussed, znd can also be used in conjunction with a

liquid lubricant [87] so that the plastic sheet no longer shears during deforma.-

tion but slides over the metal surface. By this means, very lhjw friction can

be obtained under very severe conditions of deformaton. PTFE is some-
times sprayed on the surf-•ce in a solvent vehicle. Polyethylene may be ap-

plied as a plastic dry film lubricant, or in sheet form which might be self-

adhesive. Methods of application and performance characteristics of poly-

ethylene have been discussed by Rao (88]. Naper .s also available as a sheet

lubricant, bLt withstands only mild deformation,

(11) Glasses. There is only a limited use for glass lubricants in sheet

forming. Temperatures should be high, from about 550 0 C upwards. Most

ductile materials as well as magnesium are worked at much lower tempera-

tures than this, so that more conventional lubricants suffice, but glasses may

be preferred when titanium alloys are worked at elevated temperaiures, there-

by avoiding the rapid work hardening that would occur otherwise. They are
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applied usually by pasting or painting a glass slurry on the cold part to be

formed or by spraying a glass dispersion, so that a coherent glass cuating

is formed on preheating the metal. Removal is frequently very difficult,

unless the glass is water-soluble.

The properties of most lubricant types discussed in this section have

been compared and tabulated by Salz [69, 72] in terms of die life, ease of

removal, rust protection, and staining (Table 11. 1). It will be noted that
"Vanishing Oil" has not been considered here; this is a proprietary synthetic

product, which has lubricating prop .,ties similar to mineral oils but does

not require removal by the normal methods.

These, then, are the basic lubricant types that find application in sheet

forming. Other lubricants have been explored expprimen•laiy but are not

employed on a commercial basis as far as is known, and so will be considered

in the later sections relating to specific metals. The lubricants for different

metals and alloys will now be discussed separately, and the spernial techniques

and recommendations noted.

11.4 LUBRICANTS FOR STEEL FORMING

In this section carbon and alloy steel will be examined. Since the auto-

mobile industry is by far the greatest consumer of sheet steel, much of the

information on industrial lubrication practices has come from thr.t source.

There have also been many experimental investigations in which lubricants

have been compared by means of a simulating test or by small-scale cupping

tests aimed at finding the most efficient lubricants.

11. 41 Experimental Studies

All lubricant evaluation involves, by necessity, a number of lubricants;

for convenience, the following discussion is subdivided according to major

classes of lubricants.

Lamellar Solids

One of the earliest investigations based on the cupping test was reported

by F vans, Silman, and .Awift [39]. They drew 2 in. diameter cylindrical cups

from 4 in. diameter mild steel blanks, both with and without ironing, and

compareZd lubricant efficiency in cupping with the effects observed in a wedge

clrauih ttist, a pire ironing operation, and a tube sinking operation. Since

all of the.ni upr.ruionm present rather severe conditions, it ia not surprising
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"that liquid lubricants failed while te".ow was better, and the oleate soaps

(calcium, sodium, and chromium) were found to be the superior lubricants,

surpassed only by lubricants containing finely divided graphite (for exaanple,

graphite in tallow). Lange and Dalheimer [38] measured the punch load in a

cupping operation; a soap solution gave the highest load, zinc stearate the

lowost, and an MoS2 paste occupied an intermediate position.

Similarly, in the experiments of Fukui et al. [29] graphite exhibited

relatively high friction coefficients in a double strip drawing operation (this

S-.a be visualized as a plane-strain ironing process as shown hn Fig. 5. 8c).

The measared values were of the order of 0. 068-0. 120, compared with

0. 032-0. 060 for a proprietary solid wax lubricant.

Eary [90] used a statistical approach to obtain an order of merit for the

twelve lubricants used in his experiments, in which the evaluation was based

upon the force required, the percentage of failures, and the variation in wall

thick±,•ss in cups drawn from standard sized mild steel blanks. Once again,

a wax-this time a chlorinated wax-gave the best performance, and a pig-

mented medium was the next most effective. Graphite followed this, but

MoS2 was found to be the poorest of all lubricants tested, including the

9traight oils. Reasons for the differences in performance of the two solid

lubricants were not given, but on this evidence there is very little to be

gained from 6,aphite as a sheet steel lubricant unless, of course, elevated

temperatures are involved. Under severe conditions, however, graphite

as a dispersed phase in other materials wou'd certainly be beneficial; for

example, graphite in tallow has been found to be a good drawing and extru-

sion lubricant [19].

Apparently, lamellar solids are unable to compete with viscous mater-

ials such as waxes or soari in drawing, whether it is sheet or wire drawing,

unless elevated temperaf.a, •r, unfavorable geometries, or high-strength

workpiece materials increase the severity of the operation. Under such

conditions the ability of these solids to withstand high temperatures and

interface pressures can be effectively utilized.

Chemical Conversion Coatings

Even for severe sheet deformation processes, there are often more

preferable alternatives to graphite or MoS 2 , since they are very difficult to

remove. If the sheet steel part requires a scratch-free surface after

forming, phosphate Loatings may be used. Bonderlube 350, a proprietary
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stearate-base soap designed specifically to react with phosphate coatings, has

been shown to be a good dry-film lubricant when used alone [91], but for

heavy drawing operations, it should be u.,,ed in conjunction with a phosphate

coating. These heavy drawing operatians often combine deep drawing with

wall ironing.

Dry Film Lubricants

Dry film lubricants are gaining favor in the sheet forming industry, and

have been frequently cited for steel ,heet (for example, References 49, 86,

88, 92-96). Of the two basic types of dry film lubricants, the soap-based

film has been discussed by Lloyd [37] and Clarke [83], and has found wide-

spread industrial use. The organic polymer dry films have been described

and tested by Mear et al. [84, 85]. in this category can be included the

plastic sheet lubricants.

Coupland uid Holyman [97] conducted a laboratory and press shop evalua-

tion of various lubricants of both types, based on the loads required to draw

cylindrical cups from blanks of standard size. The lubricants included three

dry-film soaps, a methacrylate resin described in more detail by Mear

e' al. [84, 851, and a spray-on PTFE film. Another lubricant was composed of

water-solubk- fatty acids and resins, while a drawing oil based on the vol-

atile minerai spirits was more representative of the dry film type than of the

liquid lubricants even though iL _M not become fully dry. Polyethylene 3heet,

a Latex-backed paper film, and spray-type molybdenum disulfide and silicone

wax lubricants completed the range of dry films. Comparisons were made

with conventional lubricants tested in an earlier paper by Coupland [93].

Tests were made on 0. 036 in. thick rimming steel sheet, and the same

sheet but with tin (terne) and electrozinc coatings. Tn the laboratory cupping

tests, a nonadhesive polyethylene sheet lubricant was very successful, as

were the dry soaps, the water-soluble fatty acid and resin compound, and the

methacrylate resin. Of the conventionas, ubricants, a pigmented tube draw-

ing compound was almost as efficient as the best dry film products, but this

was virtually impossible to remove from the sheet3 after drawhisg, whereas

rermoval of the dry film types was relatively , -wy. Only a few oi the lubri-

cants were tested in the press shop. Dry soaps gavc significant load reduc-

tion over a medium drawing oil, showing better surface finish and requiring

no further lubrication for a red-.-wing operation. The paper film was useful

only with shallow pressings; the polyethylene sheet ruptured at the high
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pressing speeds while the metbacrylate resin gave good but not outstanding

results. Molybdenum disulfide aerosol lubricants found application in the

press shop where a film was sprayed onto the tools as a temporary measure

for preventing excess pickup and adhesion.

Thus, the soap-based dry film lubricants gave the most satisfactory re-

sults from a number of viewpoints: they were economical and efficient in a

wide variety of pressing operations, but were still relatively easy to apply

and, more important, to remove. It must be noted, however, that while good

lubricant performance is required in deep drawing, a poorer material may

be more suitable for operations involving a high degree of stretch forming.

For auch processes straight mineral or 2. P. oils have been recommended

[98].

For these reasons, the dry soap coating-usually of the soap (sodium

stearate) and alkali (borax) type-is gaining importance as a lubricant for the

deep drawing of steel sheet. However, Clarke [831 bas noted that etching of

the more reactive metals might occur because of the alkai content of these

compouinds, so that their use will in general be confined to steels. Moreover,

he also suggests that the heat generated in forming some nonferrous mater-

ials may not be sufficient to induce fluidity of the film and that inadequate

lubrication may result.

Conventional Lubricants

The more conventional lubricants have been tested by a number of

workers. Coupland's [98] results have already been mentioned, and these

are of particular interest since press shop trials were compared with labor-

atory cupping tests. In general, correlation was very good; the greatest

difficulty, however, was the interpretation of the severity of the operation.

With shallow pressings, straight mineral oil was found to be adequate. With

a difficult rectangular pi essing, where optimum lubrication was required to

reduce the failure rate, only the best luorlcants--as judged from the labor-

atory tests--were able to improve pressing conditions. In contrast, too good

a lubricant gave rise to buckling when stretch forming contributed greatly to

the pressing operation. The surface composition of the steel also influenced

the performance of certain lubricants. For instance, the sulfonated oil

performed better than an oil containing finely divided sulfur with both plain

and ter.eplated steel, but the order was reversed with electrozinc-coatcd
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sheet. Sirdilarly, the oil coiitaining free sulfur stained the tin terneplte but

did not affect. the other two materials.

Other more conventional lubricants have been found effective in a nnmber

of investigations. In the experiments of Eary [901J, a chlorinated wax was the

most successful lubricant overall. A heavy oil developed similarly low draw -

ing forces, but was rated lower because of wall thickness variations in the

draw cu.p; a dry wax coating and a plastic film lubricant showed the same

shortcoming. The good performance of oleate soaps in the investigation of

Evans et al. [ 89] has already been mentioned.

Since one of the prime functions of any lubricant izs separation of the

surfaces, fillers (pigments) are rightly expected to be beneficial. Thtus.

PERA (261 evaluated the most suitable lubricants for deep drawing mild

steel sheet with both conventional and high blankholder 1-ads, as referred to

already in conjunction with Fig. 11. 4. Under conventional c cnditions,

undiluted water-soluble drawing pastes that contained a high proportion of

talIc as solid filler were the best of the luL~ricants examinei, with sulfur-

chlorine E. P. oils next in preference. At high blankholder pressures, the

order of lubricant efficiency was the same, bWt mineral oils were found

completely unsuitable. Krcrolev and Podluzhnaya [991 used a strip drawing

test with elastic loading to evaluate the efficiency of various solid fillers in

an oil uase. Talc was shown to be the mcst satisfactory, filler, not only from

the standpoint of efficiency but also for economic reasons. The value of

pigments was evident also from the low drawing forces registered in tWe

tests of Eary [90]. Talc is, in fact, widely used ai a filler for industrial

luhriczAits, along with chalk, borax, mica, z.inc oxide, and other materials.

la general, however, these solid additives present removal problems.

11. 42 Lubrication Practice-,

There is a wide range of ideas on the best lubricants for a given pressing

operation. Obviously, there is more agreement in the choice of lubricating

materials for severe forrn2lig processes, since there are fewver lubricant--

that caD withstand these conditions. Usted. below are the lubricants commonily

considered for light operations (stamping, blanking, shallow pressing) and

tkr deep drawing operatilins.

Light Presswork

Lubricants of many varietled have been recommended for stamping.

When duties are light, preference is inevitably for liquids which are most
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easily applied and removed, and which are relatJvely cheap. These materials

will frequently be water-soluble (emulsions and soap solutions).

In the blanking and shallow drawing of very thin sheet, difficulties are

mostly unrelated to friction, and the lubricant is applied for reduced die

wear. Light mineral oils or mineral oil emulsions usually suffice. For

heavier gages, the mineral oil or emulsion might be lightly compounded with

a polar additive, such as a fatty oil, for increased boundary lubrication

properties. Otherwise, dilute soap solutions or, in more severe cases,

dilute soap-fat compound emulsions might be used. Cold-rolled steel strip

often has residual films of palm oil or other lubricant used in the rolling

operation. Frequently, in light operations these residual films may perform

adequately without further lubrication.

As the severity of the operation increases-for example, If alloy steels

are used or if more difficult geometries are involved-the mineral oils or

emulsions are fortified with greater quantities of boundary or E. P. additives.

Thus, fatLy oil emulsions (pigmented for use with alloy steels), and possibly

straight chlorinated oils are representative of lu'uriants for shallow press-

work.

PERA [100] investigated the effect of lubrication in the finish blanking of
7/16 in. thick 0. 1% carbon steel plate by a 5/8 in. diameter punch. This

operation is more severe than is normally encountered with sheet, and serves

to illustrate the selection of more powerful lubricants for sucn conditions.

The materials considered included a range of oils with various E. P.

additives--chlorinated, sulfurized, sulfochlorinated, and phosphorized

compounds-and solid lubricants such as graphite, MoS2, and PTFE. The

most efficient lubricants were found to be E. P. lubricants with around 40%

chlorine content, molybdenum disulfide powder, PTFE po.,der, or a com-

bination of these two solids. All other lubricants were unsuitable, as judged

by the surface finish of the blanked slug and the condition of the die aad punch

after blanking up to 1000 parts. The most highly recommended lubricant

for this severe blanking operation was the chlorinated oil containing between

20 and 40"0 chlorine, this content depeiding upon the thickness of the steel

plate. The solid lubricants were more costly and more difficult to apply ane

remove from the stock. The chlorinated oils were most effective when the

tools were fairly rough (about 30 pin. CLA). it was also found that for equal

amounts of chlorine, the viscosities of oils did not influence the performance

of the 1'1wbrtcant.
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Deep Drawng

Dry film lubricants are widely employed in the deep drawing of carbon

and alloy steels. Most frequently these are soap-base lubricants, but waxes

may also be used in the same way. Soaps are relatively inexpensive and are

very easily removed; their chief disadvantage is the large initial capital ex-

penditure and special equipment needed to ensure even distribution of the soap

film onto the sheet. In addition, drying ovens may be required for some of

these lubricant types. There is little evidence to suggest that plastic polymer

dry films have found practical application with either carbon or alloy steels.

In special cases-for example, in heavy ironing operations [371 or in

severe drawing operations [78, 79] where no scoring or roughening of the

sur'face is permissible--the surface of the sheet may be phosphated. This

gives excellent protection from metal-to-metal contact, and also allows con-

siderable smoothing of the surface irregularities. These coatings are gen-

erally used in conjunction with a reactive or nonreactive soap lubricant, and

asually find application only when a dry film lubricant would break down or

give inadequate protection. Either dry film soaps or phosphate/soap com-

binations may be used for alloy steels as well as carbon steels.

The more traditional lubricants for deep drawing are pigmented soap-fat

compounds which, although difficult to remove, are efficient and of relatively

low cost. In some lighter operations, emulsions containing E. P. additives

might be adequate; the water content of the emulsion is usually reduced as the

severity of the draw increases. Similarly, mineral oils with E. P. additives

may be used, the proportion of active constituent (usually chlorine) increas-

ing for more difficult operations. Straight chlorinated oils or, alternatively,

sulfochlorinated oils are the most efficient nonpigmented liquid lubricants

when used with steels. These observations are tabulated in Table 11.2.

11.5 LUBRICANTS FOR STAINLESS STEEL

Stainless steel adheres readily to steel dies and, because it is a relatively

inert alloy, there are few extreme pressure additives which are really suc-

cessful as lubricants. For this reason, a solution to lubrication problems

often sought th.ough a complete separation of the workpiece from the

pressing tools.
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TABLE 11. 2

Lubricants Recommended for Sheet Forming of
Carbon and Low Alloy Steels

Operation Lubricants

Blanlig Residual fatty oil from rolling.

Light mineral oils.

Mineral or fatty oil emulsions.

Light presswork Residual fatty oil from rolling.

Soap-fat emulsions.

Mineral oils contadning boundary or E. P.
agents.

Chlorinated oils.

Deep drawing and Undilated chlorinated oils.
heavy pressing Pigmented soap-fat compounds.

Sulfochlorinated oils.

Dry soap films.

Phosphate/soap (special applications only)

11.51 Experimental Studies

Even though stainless steel prevents serious lubrication problems, few

systematic studies have been reported, probably because the total production

volume is much smaller than that of other steels.

Stainless steel was apparently the first metal to be lubricated with

plastic polymer films [37]. However, at that time a sprayed vinyl copolymer

was used, which required an expensive solvent and which was also difficult

to apply in a controll3d film thickness. Currently, plastic films are avail-

able r75, 851 which present relatively few problems. The methacrylate

resins can be applied by dipping; control of bath temperature, concentration,
and withdrawa' speed results in reproducible film thickness. The film dries

in air and, after pressing, Is removed completely by solvent degreasing

(" 7ichloroethylene). A small amount of oil applied to the tools prevents any

buildup of the poly-ner on their surfaces, and also eases stripping of the

drawn products from the punch.

It has been shown that if some stainless steels are deformed at near-zero

temperatures, greater strengths are developed (10)1. In this respect, the
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novel method of lubrication suggested by Wallace (102, 103] may have appli-

cation. Wallace used ice as a phase-change lubricant in stretch forming, with

melting induced by the heat content of the strip, which is held at a tempera-

ture slightly above zero. The stretch-forming die was made of concrete, and

the ice film was built up by spraying water onto the forming surface with the con-

crete at a temperature of not greater than -6. 70C(200F). The optimum

thickness of the ice layer was found to be between 1.5 and 2. 0 mm, and its

optimum temperature was -3.30C (260F) in an ambient temperature of about

11.5 0 C (600F). Under these conditions, very low (0. 01 to 0. 02) coefficients

of friction were observed. Alternative lubricants which could be considered

in a similar system, but operating at lower temperatures, are carbon di-

oxide [104] and solid krypton [1,151.

11. 52 Industrial Practices

A general discussion of the forming of stainless steel plate has been

given by Pohlman and Koontz [106], and of a sheet and strip by Parker (107].

Based on a survey of the recommendations given by Bastian [64-67], Salz

[66-721, White [73], and others [53, 74, 75, 108], a summary is given here

of the lubricants most widely used in and recommended for industry.

Ught Presswork

Because of the great tendency of stainless steel to adhere to the surface

of working tools, the lubricants recommended for operations that normally

require minimal lubrication, such as blanking, are nota-bly more powerful

than for equivalent operations with mild steel.

Emulsifiable mineral ai• sre fortified v'ith fatty oils or E. P. additives,

depending upon the severity of the operation. %imilarly, a plain sopp-fat

compound emulsion may be used for light work, but foi heavier work this

will inevitably be pigmented.

Mineral oil blended wilh chlor-inated oil is frequently used, but in pro-

cesses involving higher presures a straight chlorinated oil would be more

suitable. Soap-based dry film lubricants have also been recommended [67,

73, 83] either for opt.rations involviwg slightly higher local pressuzios or

where me!al-to-metal contact must be avoided at all costs. Although the

equipment that must be ptirchased Initially for controlled application Is ex-

pensive, the subsequfnt bulk cost of matnria!s is fairly low [271.
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Teterin and Luklyanov (109] consid ri-d lubricaits for the rather special

application of hot punching a 2.36 in. hole in a 1. 57 in. thick stainless steel

blank. The tests included both solid and hollow punches, with the blank at

1000CC; optimum results were obtained with a hollow punch and with glass

cloth as a lubricant. This reduced the power requirements by 20-25%, and

ensured a good surface finish of the sheared hole. Dry powdered graphite

was also found to be an effective lubricant. Obviously, these conditions are

extremely severe and would not often be found in industrial practice.

Deep Drawing

Rather infrequently, a mineral oil with chlorinated additives gives ade-

qciate results in the deep drawing of stainless steel, but a straight chlorinated

oil is more likely to be preferred. Even this might not withstand the severe

conditions involved, and the most widely used lubricants for this type of

operation have been the heavily pigmerted soap-fat compounds, generally in

paste form, The major d-cawback of solid fillers, including graphite or

molybdenum disulfide, is that they are difficult to remove. This is a partic-

ularly important consideration with graphite because traces left on the sur-

face of a stainless steel pressing cause subsequent carburization on annealing.

Even if annealing is not necessary, the surface discoloration caused by

graphite or other solid fillers is undesirable since stainless steel pressings

must usually have a high surface quality.

The dry film lubricant types are gaining importance since most of the

familiar problems with stainless steel forming are easily ovw-rcome by

their use. Of these, the soap-based dry films are probably the most ef-

ficient, and there is evidence (37, 951 to show that they have wide applica-

tions for forming stainless steel in the sheet pressing industry.

Lead coatings are excellent as lubricants on stainless steel, but they are

also very difficult to remove and eWpensive. They must now be regarded as

obsolete. Oxalate coatings are also good, since th- lubricant is absorbed

into the porous coatIng, thus creating a reservoir. This ,oating is wide-

spread in cold extrusion and heavy tube drawing of stainless steel [1101, but

there is very little evidence to show its use for deep drawing. Stainless steel

Is frequently put int-o service in the as-formed condltion, and the burnishing

that occurs during the operation is desirable. Since oxalate coatings aWd any

pickling impair the appearwice of the metal surface, heavily chlor!natpd oils

are u.ually preferred in stainless steel fi'ishing cperations.

I
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Two lubricants which are currently suggested for industrial application

[111] are a mineral oil of high viscosity containing a chlorinated paraffin and

applied in a chlorinated solvent, and a chlorinated polymer which sets to give

a hard nontacky film. These were developed specially for nickel-base super-

alloys, and are described in more detail in Section 11. 10.

The recommendations for stainless steels are summarized in Table 11.3.

11.6 LUBRYCANTS FOR COPPER AND ITS ALLOYS

Copper frequently presents fewer lubrication problems than most other

materials. Although adhesion of copper to deforming dies occurs in both

dry and lubricated operations, there is often no significant increase in

recorded load or friction values, nor is there appreciable scoring. With

brass the lubricant must withsinnd greater pressu es, and scoring could

become troublesome if lub 'cr.. ai breaks down. Bronzes usually call for

better lubricants thaw either coppf . or brass.

11. 61 Exp(rimental Studies

h.ei-e is very little reported experimental work in which lubricants have

beei evaluated for copper. Grainger [112, 13,31 useJ cupping tests to deter-

miale tbh efiectiveness of oil-base lubricants, some of which contained mo-

iybden-m disulfide, and MoS2 in a volatile vehicle. Of these lubricants an

E. P. oil containiig dispersed molybdenum disulfide was the most effective.

Huwever, graphite or MoS2 is usually only recommended for elevated

temperatura deep drawing, when other materials break down. Once again,

this is because their removal is very dlfficult.

Evans et al. [89] found that graphite dispersed in tallow gave only mar-

ginally better results than when kaolin was used as a solid filler for the

lubrication of 70/30 brass during cupping and other drawing operations.

Kaolin is a good alternative to graphite, but the problem of removal is still

a large one. Soap lubricants bused on nalcium, sodiumd, and chromium

oleates were found to be the best of the nonpigmented lubricants.

PEr.Ak [211 investigated the effect of lubricant viscosity, composition,

i'nd blankholder loar in the deep drawing of 70/30 brass. E. P. oils contain-

ing sulfur and chlorine were superior to undilated soap-fat compounds, both

with and without solid filler, to compounded oils and to atraight mineral oils.

The familiar improvement in lubricating ability aa viscosity increased was
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TABLE 11.3

Lubricants Recommended for Sheet Forming of Stainless
Steels and Copper Alloys

Operation Lubricants

Stainless Steels

Blanking and Fatty oil ealulsions (very light work).
light presswork Chlorinated mineral oils.

Soap-fat emulsions (pigmented for heavier work)

Dry soap films (for special applications).

Deep drawing and Chlorinated oil (possibly undiluted).
heavy pressing Pigmented soap-fat compounds.

Dry soap films.

Dry polymer coatings (usuall. chlorinated and often
with a chlorinated oil above it).

oeper and Alloys

Blanking and Soap solutions.
light prcaswork Straight emulsions.

Mineral oils (blended with fatty oil or noncorrosive
E. P. agent for heavier work).

Soap-fat emulsions.

Deep drawing and Soa.'--fai er.uls•ons kpigmented for very heavy work).
heavy pressing Undiluted fatty c Ila.

Noncor--osJ-.e E. P. uils.

also seen, and increase in blankholdc.- leoa: beyond about 18, 000 lb enabled

larger blanks tc be drawn (Fig. 11. 13). This minimum was not observed

with lubricants of very high viscosity.

Lange and Dahelimer [381 e-valuated four lubricants--namely, a soap

solution, a grease of unspecified composition, a zinc stearatp, and a molyb-

denum disulfide pasta -oi tie basis of the drawing force at a dra ving ratio of

2:1. Zinc stearate, an insoluble soap, was applied in a trichloroethylene

carrier, and the reeldual dry film wss found to be the most effirent lubricant,

wiLh the grease better than the molybdenurm dIjulfi(f p.ste and the sc:ap solu-

tion % orst of all.
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Fig. 11. 13. Effects of lubricant viscosity, measured in Redwood I

seconds, and blankholder load on the maximum blank diameter of 0. 039 in.

thick annealed 70/30 brass which can be drawn into a 2 in. diameter cup [211.

The effectiveness of dry film lubricants was also demonstrated by Mear,

Topper, and Ford [84J, who compared dry films based upon methacrylate

resins against Esso TSD 99C in the cupping of 70/30 brass and found large

increases in LDR when the dry film lubricants were used.

11.62 Lubrication Practices

LIght Presswork

Soap solutions, straight emulsions, and straight mediurx viscosity

mineral oils are generally adequate for stamphig mnd shallow pressing.

Bronzes might require a fatty oil addition to the mineral o1i, or a dilute

soap-fat emulsion pigmented for heavier work. This pigmented emulsion

might also be used for copper and brass for the more severe operations.

Mineral-fatty oil blends, with 25 to 50% of fatty oil compouinds, are also

recommended. Alternatively, E. P. constituents may be added to mineral

oil, this usually being a noncorrosive sulfrized oil. However, care should

be taken to avoid staining with E. P. oils.
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Most frequpently, however, soap-fat compounds (which can be diluted

according to the severity of the operation) are employed for pressing. These

do n;t generally present a problem of staining with copper alloys, and are

efficicet lubricants.

Deep Drawing
Soap-fat compounds are often used for deep drawing or other heavy

operations, and may sometimes be pigmented. Mineral base E. P. oils

containing relatively high amounts of chlorinated or sulfochlorinated addi-

tives, straight sulfurized oil, or a straight fatty oil such as lard oil may also

be used. However, difficulties in avoiding staining are generally experienced

with E. P. agents. Soap-based dry film lubricants may find application here,

but their use with copper alloys is by no means widespread.

Sometimes these alloys may be deep drawn at elevated temperatures.

In these infrequent instances, graphite is applied, either by dipping or spray-

ing a collodial dispersion of the solid in a volatile vehicle. Molybdenum

disulfide may be used in the same way, of course, but graphite withstands

higher temperatures before oxidation occurs, so that it is used more often

for warm or hot work.

Recommendations are listed in Table 11. 3.

11.7 LUBRICANTS FOR ALUMhI'UM AND ITS ALLOYS

Aluminum is a difficult metal to lubricate, especially in the annealed

condition. Adhesion of aluminum to the working tools can often be avoided

only with thick film lubrication. The most commonly used lubricants for

aluminum contain boundary additives such as the fatty acids, which usually

give low friction but do not entirely avoid metal transfer to the tools.

11. 71 Experimental Studies

Evans, Silman, and Swift [891 investigated the effect of lubrication on the

cupping of aluminum, on the basis of the reduction in drawing force. Rather

surprisingly, the best lubricant was found to be dry graphite; mineral oils

were useful only under moderate conditions.

Barnes and Cafcas (1141 used a wide variety of lubricants, including

straight oils, blended oils, emulsions, and dry film lubricants; 0. 514 in.

diameter aluminum cups were redrawn to 0. 462 in., and the wall thickness

was reduced by about 10%. Lubricants were graded on the basis of the
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drawing work and the resulting surface finish of the cups. Dry film lubri-

cants were found to be efficient only if the films were soft and pliable. The

two most successful lubricants were a fluid emulsion based upon approxi-

mately equal parts of mineral oil (viscosity 95 SUS at 2100F) and a synthetic

hydrocarbon polymer (viscosity 1000 SUS at 2100F), and the synthetic polymer

used alone.

Boccaccio (87] was interested in a more severe operation in which 3/8

in. thick, 11 1/2 in. diameter 7075 alaminum alloy plate blanks, rather than

sheet, were to be drawn into hemispherical-ended cups, at 50% reduction,

to be used as preforms for subsequent spinning operations. It was found that

liquid lubricants did not allow the reluired preform to be drawn. Poly-

ethylene sheet lubricated the blanks adequately, however, and embossed

polyethylene in conjunction with a base oil caused a substantial reduction in

drawing load. A further load reduction occurrod with graphite on polyethyl--

ene. Ultimately this lubrication technique was employed for obtaining a 50%

deep drawing reduction with blank, of 32 in. diameter and 7/8 in. thickness.

Another unusual lubrication technique was used by Petronio [115] in the

redrawing of clad 2024 aluminum alloy samples. Various surface treatments

were investigated, including pickling in various acids and alkalis, oxidizing

by electrorehPmie.sl m.ins, and by chemical immersion and phosphating. A

sulfurized fatty oiL and a soda-tallow soap solution were the lubricants. The

oxidizing pretreatments were successful in preventing pickup of aluminum

onto the iies, especially when used in conjunction with the sulfurized fatty

oil. All otber surface treatments were inferior. This was confirmed in

shop tri 11, involving deep drawing, cold forging, and extrusion, with 7075,

2024, and 5052 aluminum alloys as workpiece materials. Stearic acid was

the lubricant in forging and extrusion.

11. 72 Lubrication Practices

Light Presswork

For mild operations, relatively simple lubricants may be used. Evans,

Silman, and Swift [891 found straight mineral oil a useful lubricant for rela-

tively light working; in fact, it is widely recommended for the blanking of

Pluminum. In shallow pressing operations, boundary additives such as free

fatty acids are required to improve the lubricating efficiency of the mineral

oil. Thee*. compowided oils are the -nost common lubricants for aluminum
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alloys. Alternatively, straight mineral oil emulsions (soluble oils) often give

good efficiency and have the advartage of being water-soluble. Other water-

soluble tubricants for this work are soap solutions or, for heavier operations,

a fairly dL±.ie joap-fat emv!ion.

For more severe operations, a straight fatty oil is often preferred as a

lubricant. Of the water-dispersible compounds, generally only the soap-fat

compound emulsion is used, in less dilute emulsions than for lighter press-

work (frequently four parts water to one part compound.)

Deep Drawing

There is a wide variety of lubricants commonly recommended for deep

drawing aluminum and its alloys, and only in the very severe operations is

there much agreement of opinion. For very heavy gage operations,

Boccaccio [87] has suggested embossed polyethylene film in conjunction with

oil or graphite. Graphite is also known to withstand high working pressures,

and has performed well [891 in deep drawing sheet aluminum, but the cleaning

problem would normally prevent its use. Dry film lubricants have been sug-

gested in one case [53] and, in fact, dry wax coatings are frequently used in

industry, but the greatest concurrence of opinion is in the recommendation of

pigmented soap-fat compound emulsions, straight chlorinated oil or, for

slightly less severe operations, straight fatty oils.

Other Operations

Sheet aluminum is also formed in a variety of other ways which require

different lubricant properties. Several rubber forming methods are currently

used, especially in the aerospace industry where the cost of steel dies would

increase the cost of each component produced by a significant amount. A

lubricant is frequently required to ensure evenly distributed strain in the

rubber, '.At the acid or alkali content of lubricants should be as low as pos-

sible to prevent reaction with the rubber pad. ASTME [531 has suggested a

soft neutral potassium soap, applied to the blank by spraying or brushing in

a soap solution, or by hot dipping to give a dry film. Alternatively, a light

mineral oil blended with an unspecified amount of neutral lard oil has also

been proposed [531.

For streLch forming of aluminur. alloys, emulsions containing solid

fillers are frequently used, as are iLeavy compounded oils. For elevated

temperatures around or in excess of 200VC, graphite is normally employed

as a lubricant, either alone or as a dispersion in other compounds.
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In explosive forming, a lubricant is not generally required [1161, since

appreciable metal sliding does not occur. However, with aluminum there is
a slight tendency to adhere to the forming die, especially with heavier gages.

In order to prevent this, conventional deep drawing compounds, usually in

the form of pastes or viscous liquids, are adequate.

Recommended lubricants for aluminum alloys are given in Table 11.4.

11.8 LUBRICANTS FOR TITANIUM AND ITS ALLOYS

The forming of titanium sheet is frequently limited by itts tendency to

adhere to most tool materials and its high rate of work-hardening. In order

to overcome difficulties caused by work-hardening, a large proportion of

secondary working of titanium is carried out at elevated temperatures-

possibly between 500 0 C and 800 0 C. However, at these temperatures, the

tendency of the metal to seize to the dies is increased; furthermore, the
metal is susceptible to embrittlement by absorption of excessive oxygen

from the atmosphere. This latter problem may be overcome by inert gas

preheating. If this is not practicable, a surface coating is required which

preferably would ensure both protection from the atmosphere and a low value

of friction in subsequent fcrming operations.

Among the more conventional lubricants usually considered for tempera-

tures between 4250 and 5400 C are bentone greases with graphite, powdered

mica-graphite mixtures, graphite or MoS2 in volatile carriers, and metallic

coatings. Apart from the usually expensive metallic coatings, very little

surface p:cutection during preheating is afforded by these materials.

Since the forming of titanium sheet may require temperatures much

higher than this, low melting point glasses were considered by Boeing

Airplane Company [117, 118, . The chemical composition of the workpiece

material was found to be important since some oxides dissolve in the glass,

changing its composition and pussibly causing removal problems. However,

several g-lasses wvere found suitable up to about 9000C. These were based

uiym porcelain enamel glasses of suitably low softening temperature. The

glasses were applied by brushing or spraying a slurry obtained by addition

of butyl acetate (9.2 wt';), butyl alcohol (17.00%), ethylene glycol (2.27%),

acrylic resin (6. 3%), and a vuuspending agent (1. 9%) to glass (63.4%). They

had to be removed by immersion either in hot sodium hydroxide or in cold

nitric acid. These lubricants prevented galling during hammer- and draw-
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TABLE 11.4

Lubricants Recommended for Sheet Forming of Aluminum,
Titanium, and Magnesium Alloys

Operation Lubricants

Aluminum and Alloys

Blanking and Light mineral oils.
light presswork Soap-fat or mineral oil emulsions.

Mineral-fatty oil blends.

Deap drawing and Mineral-fatty oil blends.
heavy pressing Undiluted fatty oils.

Dry soap or wax films.

Undiluted chlorinated oils.

Pigmented soap-fat compounds.

Stretch forming Emulsions (often pigmented).

Heavy mineral-fatty oil blends.

Titanium and Alloys

Cold working Oxide film with soap.

Fluoride-phosphate with soap or MoS2 .

Dry polynuer films.

Warrml working Giaphltic or MoS 2-containlng lubricants.

Hot working Gladses.

Magnesium and Alloys

Cold working E. P. oils, waxes, lanolin.

Warm working Graphite in tallow.

Hard wax.

Colloidal graph'l e in naphtha.

forming operations. However, the most successful of the materials tested
were not commerciallU kvallable.

Beryllium copper tLee were used in another investigation [116) of the

forming of titanium at 3','5'C, in conjunction with a graphitic lubricant.

Apro.r. "c. a low rate of %ear was observed with these dies, and the prob-

ler. . 2.di; ; was ellminatej. The dies could also withstand short periods
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of use at 540 C. Aluminum bronze dies also resist gaJling with titanium

and its alloys.

The deep drawing of the 6A1-4V titanium alloy was investigated by PERA

[119] at temperatures up to 380 0C. Much larger blanks could be drawn at

elevated temperatures than room temperature, but most lubricants de-

composed. This was overcome with a fluoride-phosphate chemical oonver-

sion coating on the titanium shept, which was then sprayed with resin-bonded

molybdenum disulfide. Both of these materials were unstable at the forming

temperature; therefore, it was necessary to draw the cups as soon as the

blanks attained the temperature oi the heated dies. The dies were also

coated with graphite, applied as an aqueous dispersion This provided a

satisfactory means of lubrication.

Lorant [1201 aso reported some work on the hot hammer-forming of

sheet titanium. Blanks of dimensions up to 230 in. x 30 in. were initiaily

preheated at 5380C. and then drop hammered using Kirksite dies and a staee-

jacketed lead punch. The blank temperature was estimated to be between 3160

and 3710 C during forming, and the tools were cold. Pads of hard rubber

were placed over the blank, while the die was lubricated with a heavy oil.

The most successful procedure for workirn titanium at these temperatures

involved either copper-plating or colloidal graphite as a labricant. Of these,

the graphite was preferred because it was simpler to apply and less expen-

sive.

The lubricants available for cold forming of titaniura and its alloys are

somewhat better established. Often these lubricants are taken from tube

drawing technology. The best known is the fluoride-phosphate chemical con-

version coating, already Ps-ussed in Sections 4.41 and 10.8, which was used

for ý%arm forming of the CAI-47 titanium alloy sheet by PERA (119], as dis-

cussed above. Patten 1121j tested t1.is coating in room-temperature pressing

operations with commercial purity Xiia.rum sheets, which were formed botch

with and without additional lubrication. No failures occurred during pressing

of a shallow dish froni an oblong blank. even with the unlubricated coating.

During i$ý,cp dramg of more difficult components, it was no longer necessary

to relubricate bci.2"n1 successive draws.

Other surf"7> •rea'i.(,-nts for ZitanJum which are claimed to be as effi-

!eCkt as or morc sa it'n the flu(,i-ide-phosphate coating have been tested by

HDwes [1221, v.-o ,'red the Swift cupp.nr test on conmmercia! purity titanium.

I
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A limited number of blanks were drawn with no surface treatment, while

others were oxidized, Bonderized, or sulfidized. The oxidized coating was

obtained by heating blanks in air at 6300 C for 15 min; Bonderizing is a

proprietary fluoride-phosphate coating; and sulfidizing involved treating

blanks for up to 3 hr at 5700C in a salt bath comoosed of sulfur and cyanide

compounds. Blinks were drawn dry or with one of three lubricants-a sul-

fonated fatty oil, a viscous chlorinated oil, and an acrylic resin dry film

lubricant. Sulfidizing was found to be the best surface condition examined,

as judged from the LDR and the surface finish of the drawn cups, while there

was little difference between the oxidized and Bonderized conditions. The

chlorinated oil was superior to the sulfonated fatty oil, both on treated and

untreated surfaces. The acrylic resin, however, was the best lubricant

of all, and could adequately prevent metal-to-matal contact without prior

surface treatment. These results were confirmed in press shop trials.

The same methacrylic resin was examined by Mear, Topper, and Ford

[841, who similarly recommended its use with titanium at room tU uperature.

This lubricant was also tested by Mitchell and Brotherton [1231, who com-

pared its behavior with that of three other lubricants--molybdenum disulfide,

PTFE dispersion in resin, and polyei ý- .. e shee--and a surface diffusion

treatment (liquid nitriding) in cupping and atretch forming of various titanium

alloy sheets. The nitriding treatment involved immersing the blanks in a

mixture of molten cyanides and carbonates at 5700 C for 13 min. Both Swift

and Ericksen tests were performed, and the lubricants were evaluated from

the maximum cup height that could be produced without failure in both tests.

The three plastic film lubricants displayed similar lubrication characteristics,

but 0.002 in. thick polyethylene sheet was slightly superior to the PTFE and

the methacr-ylic resin (Fig. 11. 14). Increasing the thickness of the poly-

ethylene sheet to 0. 010 in. lowered the effectiveness in the3e tests. They

also fouad th.at efficient lubrication had more influence in deep drawing th.A

in stretch forming.

In summary, it appears that for roc.m-temperature forming of titanium

sheet the plastic dry-film or sheet lubrictats are best recommended. Alter-

natives are a surface treatment such as a fluoride-phosphate coating or a

sulfidizing treatment, both in conjunction w!:h wax or dry soap type of lubri-

cant [531. For moderate duties such as a roll forming, an E. P. oil often

suffices. A dry wax coating, capaei'f of withstanding temperatures up to

about 2250C, may be used for more severe cold atretc"-forming operati,,ai.
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Fig. 11. 14. Effects of lubricants and surface treatments on the deep

drawability of titanium alloys. Lubrication: (1) none; (2) 0.002 in. poly-

ethylene sheet; (3) 0.010 in. polyethylene sheet; (4) PTFE; (5) MoS2 ;

(6) methacrylic resin; (7) liquld-nitrided [1231.

In wire and tube drawing, one of the most frequently used systems is an

oxide coat in conjunction with a soap lubricant. This is preferred to oiler

methods because of favorable economics rather than better surface protec-

tion, and it could well be used for sheet lubrication also. The material is

preheated in an irert atmosphere, but air is allowed to enter thoe furnace

just prior to taking the sheet out. This builds up an oxide on the surface,

which gives protection from galling on subsequent forming.

Foe 4levated temperature work, graphite lubricants and molybdenum

distlfide a-e used inchistrially to temperatures of 700 C, .)rovided prolonged

exposure ia not involved and a suitable carrier is employed. Glasses with
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a low softening temperature are probably the mcst suitable lubricants for

the higher strength titanfr, alloys which might req.uire working above 800 0 C,

Recommendations are summarized in Table 11. 4.

11.9 LUBRICANTS FOR OTHER SHEET MATERIALS

11. 9. Magnesium and Its Alloys

Magnesium and its alloys have poor ductility at room temperature and

are generally formed at temperatures between 150' and 400'C. Very little

experimental work has been reported for magnesium sheet forming, but in-

formation is available covering industrial experience and recommendations.

With the above range of working temperatures, it is only to be expected

that the generally favored lubricants are based upon graphite, although at

temperatures around 4000C low-melting glasses could be as efficient.

Relatively low temperatures are permissible if very little deformation

is required. At about 150"C, lubricants such as a neutral soap, beeswax,

or tallow contaiLing about 20% graphite [53] are satisfactory. Even oils and

greases find application at lower temperatures, but shallow drawing at tem-

peratures down to room temperature frequently involves rubber forming, so

that neutral soap solutions, dry film soaps, or possibly light mineral oils

must be emplo-ed to avoid chemical attack of the rubber die. Stretch-forming

is normally ý )ne at just over 200 0 C, and hard, dry soap or wax films are

adequate [67].

For deep drawing, high temperatures are always employed, and it is

obvious from several sources [53, 65, 67, 12A-127] that graphite is the most

common lubricant constituent. Gillespie [126] notes that the best lubric.at

at temperatures above 2500C is coiloidal 1ýraphite dispersed in a low boiling

point naphtha. This has been confirmea elsewhere [1271. The lubricant is

applied to the blanks prior to heating by spraying, dipping, or roller coating,

and the naphtha carrier evaporates to leave a dry and uniform film of graphite.

This dispersion of graphite cannot be us-d on heated dies since the naphtha

wi'l not wet the surface, and graphite in tallow or flake graphite grease pro-

vide efficient alternatives.

Cherrical cleaning of the blanks just prior to drawing is a disadvantage

[1261, since it makes removal of graphite after forming more difficult. A

typical grrphite removal method would involve these steps: a 10 to 20 min
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etch in a caustic soda solution at 900 to 100*C, followed by rinsing in cold

water and a 3 min chromic acid-sodium nitrate pickle aM 200 to 300C. It is

the chromic acid bath that rernoves the graphite by reacting with the mag-

nesium oxide or hydroxide layer under the graphite particles. Thus, chem-

ical cleaning immediately befare drawing with graphite might strip most of

the oxide, which prevents removal of graphite in the normal way.

In certain instances, magnesium sheet may be stretch-formed cold, and

here E. P. oils, lanolin, or dry wax or soap films are employed as lubricants.

The same materials also find application in cold spinning, but for blanking

and punching only oils are normally used.

The most recommended lubricants for magnesium sheet forming are

listed in Table 11.4.

11. 92 Nickel and Its Alloys

Very little information is available for the nickel-base superalloys in

the context of sheet metalworking. Bastian [66] gave lubricant recommenda-

tions for nickel alloys suggesting a mineral-fatty oil blend or a straight fatty

oil for use L6 blanking and stamping, shallow press drawing, and deep draw-

ing. Considering the high pressures normally involved, these lubricants are

fairly mild; in fact, an E. P. oil was recommended for heavy cupping opera-

tions. Grainger [112, 113] made an experimental investigation of the effect

of various lubricants on the deep drawing of 9 in. diameter bowls, 9 1/4 in.

deep from flat 19 in. diameter, 0. 050 in. thick blanks of Nimonic 75, a

nickel-base superalloy. His findings virtually confirmed the recommenda-

tions of Bastian in that a drawing oil, presumably contcining E. P. additives,

was Lhe most effective lubricant for deep drawing of the untreated metal.

Other lubricants tested were MoS 2 powder, MoS 2 in a synthetic carrier, and

2% MoS2 in the same drawing oil. Evaluation was based on the power re-

quired for the operation and on the surface quality of the products.

Grainger also tested blanks which had been given a proprietary oxalate

surface treatment. Superior performance was now observed with all lubri-

cants tested, but the most efficient lubricant used in conjunction with the

oxalate coating was the drawing oil containing rt MoS2. The straight draw-

ing oil gave the worst behavior of the four lubricants tested.

The torrent British practice for the sheet working of the Nimonic series

of nickel-base superalloys involves two basic lubricants, according "'
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Rowe [111]. The first is a mineral oil of high viscosity applied with a chlor-

inated solvent and containing chlorinated paraffin wax. This is applied by

dipping, arid the blanks are allowed to drain off. The second is a chlorinated

polymer which sets to give a hard, even, and nontacky film, which gives

better protection than the first material and is therefore used for heavier

duties. The film thickness is important; on polished surfaces it should be

about 0. 0003 in., while on rougher surfaces 0. 001 in. to 0.002 in. should be

deposited. Greater thicknesses lead to buildup of the excess on the dies.

The type of lubrication required for nickel alloys will depend very much

on the strength of the sheet material and on the operation involved. For severe

operations with high-strength materials, the oxalate coating with an efficient

E. P. lubricant, possibly containing MoS2 , is obviously suitable. Alternative

l"-'icants include chlorinated polymer coatings, or high-viscosity chlorin-

ated oils on untreated material. Graphite-base lubricants may find applica-

tion for the hot spinning and hammer forming of superalloys, but once again

difficulties in removal make these solid fillers unattractive. For more mod-

erate cold operations, however, it is apparent that either a mineral E. P. oil

blend or a smraight E. P. oil will be adequate.

11. 93 Zinc Alloys

Recommendations are also to be found for zinc alloys, once again by

Bastian [65, 67]. For blanking and stamping, neutral soap solutions or light

neutral oils may be used; for shallow and deep drawing, nonpigmented soap-

fat compound emulsions and soap-based dry film lubricants are suggested.

11.94 Refractory Meta's

Lubricants for the high-velocity forming ,, .efractory alloys have been

considered by Strohecker et al. '1161. Since refractory materials must be

formed at high temperatures, the number of lubricants which can be used

to prevent galling tendencies is limited, and Strohecker could only suggest

giasses. Rogers and Rowe (1281 have found basalt to be satisfactory for

extrusion of high-temperature alloys, and this could also be useful in ele-

vated temperature sheet forming.

It should be noted that graphitic lubricants and molybdenum disulfide

are frequently employed at temperatures above that at which they theoret-

icalhY cease to have lubricating action. This largely determined by dwell
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time at temperature; graphite will adequately lubricate at 10000 C if the dwell

time is short enough or if the graphite is carried by a suitable mater,al -for

example, tar, pitch, or grease.

Babel and Bonesteel [1291 used infrared quartz lamps to heat tungsten

sheet to its forming temperature. With such equipment, only about 90 sec

were required to heat 0. 15 in. thick tungsten sheet from room temperature

to 10000C. Graphite served adequately not only as a lubricant but also pro-

vided a dull black surface to the sheet so that heat (ould be absorbed more

rapidly. Hot saearing of tungsten sheet was performed at a temperature of

1100 C with this technique. High-temperature rubber forming and hammer

forming also utilized the same method successfully, showing that parts which

would conventionally be formed by spinnilg could be formed by other methods.

Tantalum tends to gall severely on most die materials but, according to

Everhart [1301, sheet tantalum can be formed successfully with sulfonated

tallow as a lubricant. It is possible that this might be effective in very low

pressure operations, but generally more drastic measures nmust be taken to

prevent seizing and galling. Batista et al. [ 131] tested chrome-plated steel,

tungsten carbide, and aluminum bronze dies with various lubricants in the

drawing and deep drawing of tantalum. They found that beeswax and beeswax-

base lubricants used In conjunction with aluminum bronze dies were the most

successful means of preventing galling. However, because of the relatively

low strength of the dies, a high rate of wear must be tolerated. Batista

et al. [1311 also found that tantalum could be swaged after developing an un-

specified hard surface precoat, with a viscous liquid (also of unspecified

composition) superimposed as a lubricant.

The same authors also found that uranium sheet could be most effectively

deep drawn in aluminum bronze dies with beeswax as a lubricant. However,

they also noted that chrome-plated steel dies wer? satisfactory with colloidal

graphite in water. In rubber die forming, sheet is drawn at about 200 0C, with

the steel punch at a similar temperature, employing colloidal graphite in

naphtha, a volatile carrier, as lubricant.

Molybdenum alloys have been discussed by White [1321 and Jackson [133].

White [132] reported that a ductile molybdcnuri '-, ee* could be drawn into e

deep cup serving as an anode, whereas previously the same component wai

formed by spot welding a shallow drawn cup to a ribbed tube with a roller

welded seam. For the deep drawing operatiou, aluminum bronze tools were
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used, with castor oil as a lubricant. The tools were heated to an unspecified

temperature, and the 0. 015 In. thick molybdenum sheets of 4 7/8 in. diam-

eter were drawn into 1 1/2 in. diameter anodes, 2 3/4 in. deep.

Jackson [1331 considered the forming of TZM, a molybdenum-0. 5%

titanium-0. 08% zirconium alloy. This alloy could be hammer-formed at

temperatures between 900 and 2000C with tools of Kirksite, which were

greased with a lubricant containing MoS2 prior to the operation. The sheet

blanks were 3 in. x 50 in., and several beads of 0. 20 in. depth were formed

across their width. Other sources confirm that graphite and MoS 2 are fairly

common lubricants in hammer forming of TZM. These same lubricants are

also effective in spinning.

The forming of beryllium sheet by spinning or by brake forming is also

carried out with graphite in a volatile vehicle serving as lubricant.

11. 10 SUMMARY

A wide variation in interfacial conditions occurs in the various types of

sheet metalworking operations. As a direct result, the requirements of the

lubricant vary greatly, Deep drawing and ironing are usually accomplished

with far more powerful and more costly lubricants than in, for example,

blanking. However, selection of an optimum lubricant depends not only upon

interface conditions, which can be adjusted to some extent by variation of

factors such as pressing speed and lubricant viscosity, but also upon im-

portant secondary considerations like ease of application and removal, con-

venience in handling, toxicity, and staining propensity.

The success of lubrication in presswork is also very strongly influenced

by the surface roughness of the tooling and of the sheet material. Deeper

draws, or heavier reductions, can be obtained by purposely roughening

selected areas of the punch. In the same way, if lubricant is applied only to

selected regions of the sheet workpiece, leaving other regions unlubricated,

large gains in drawability may be obtained. Similar improvements are

possible by suitable die design, as discussed in Sectlon.3 11. 21 and 11. 29.

For each specific workpiece material, it is apparent that numerous

lubricant compositions are employed commercially, Lack of standardization

is particularly evident in less severe operations, where there is a larger

range of adequate lubricants, whereas in heavier presswork there is in-

creasing use of the dry film type of labricsnt in preference to E. P. oils.

i
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For aerospace materials such as titanium alloys, superalloys, or re-

fractory alloys, elevated temperature forming will have increasing importance,

and here the solid lubricFnts 3uch as graphite and MoS2 find wide application.

However, these materials are rather difficult to remove and there is a need

for other, r__nre suitable compositions. Materials wh•ch are attractive in

this respect are tlhe synthetic lubricants (for example, silicone oils described

in Section 4.27) for temperatures up to 3500C. or polythylene wax compobi-

tions F1341 for use as phase-change lubricants (for e:-ample, in stretch

form.ng) at 1500C or above. Glasses may find incrcasimg use at about 600°C

or above. Compositions based upon borax have r3latively low melting tem-

peratures and are attrective in the warn forming range. Many of the phos-

phate glasses are water-soluble, so that removal problems and the associa-

ated waste disposal problem (which is very critical if hydrofluoric Rcid must

be employed) are minimized. Some of these glasses could also provide sur-

face protection against oxidation during preheating and forming, which is very

important with materials such as titanium. In this respect, these compounds

warrant far more attention than they have so far received.
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APPENDIX-DEFINITIONS AND CONVERSIONS

Physical Properties

Density: the mass of liquid per unit volume at 150C (e.g., in units of

kg/liter).

Specific gravity: the ratio of the mass of a given volume of liquid to the

mass of an equal volume of pure water at the same temperature (e.g., in

units of 60/60 F).

API gr.2ait in degrees:
API, deg 141.5 -131.5

sp. gr.

Viscosity: kinematic viscosity (in centistokes, cs) or dynamic viscosity

(product of kinematic viscosity and density of liquid-in centipoises, cp),

determined in calibrated glass capillary ibustruments; units given are the

preferred ones.

Efflux viscometer readings are still widespread; for example, Saybolt

Universal viscosity is the efflux time in seconds (SUS) of a 60 ml sample flow-

ing through a calibrated "Universal" orifice. Conversion may be made from

Figure A.

Distillation range: obtained by distilling a sample at atmospheric or

reduced pressure. Pesults are reported as initial boiling point (first drop of

distillate), percent recovered at a given temperature, and end poiht or final

boiling point (the maximum temperature measured during the test).

Flash and fire pointy A tebt flame is passed, under specified conditions,

over a slowly heated sample contained in an open cup. The lowest tempera-

ture at which vapors ignite is the flash point; the temperature at which the

oil ignites and burns for at least 5 sec ±.s the fire point (often given as COC:

Cleveland Open Cup).

Pour point: A heated sample is slowly cooled and examined at intervals

of 5 F (3°C). The lowest temperature at which flow is observed is the pour

point (also expressed in multiples of SOF or 30C).

Melting point: Drop melting point is the temperature at which the wax

or other solid drops from the thermometer used in the test. Melting point

771
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Fig. A. Viscosity conversion nomograph. Line up straight edge so
centistoke value on both kinematic scales is the same. Viscosities at the
same temperature on aUl scales are then equivalent. To extend range of only
the kinematic, Saybolt unilvv--:al, Redwood No. 1, and Engler scales:
multiply by 10 the viscosities on these scales between 100I and 1000 ce on the

kinematic scale and twhe corresponding viscosities on the other 3 scales. For

further extension, multiply these scales as above by 100 or a higher power of
10. (Example: 1500 cu 150 x 10 cis 'M K45 x 10 SUP - 6950 SUS.) (By
courtesy o: Texaco.)



I

APPENDIX 773

(cooling curve) is the temperature at which the wax first shows a minimum

rate of temperature change while cooling under standardized conditions.

Titer: The temperature at which there is a break in the cooling curve as

solidification begins (usually applied to fatty acids).

Color: determined in comparison with standard red and yellow glasses.

More recently, a spectrophotometric method Is used to characterize the

color as 100 times the absorbence at two specified wavelengths. Sometimes

the color is also given against Gardner color standards (solutions made up of

basic chemicals). The applicable standard must be shown in all descriptions.

Chemical Properties

Most of these are specified for fatty oils and their derivatives.

Saponification value: the number of milligrams of potassium hydroxide

required to react completely with all fatty material present in 1 g of substance.

It is a direct relative measure of the mean molecular weight of the acids,

whether they are present as a free fatty acid or esterified. Therefore, the

saponification value is identical with the acid value for an ester-free acid.

Acid value: expressed as milligrams cf potassium hydroxide required

for neutralization of the free carboxyl groups present in a 1 g sample, equiva-

lent to the percent free fatty acid expressed as oleic acid, multiplied by

1. 986. The acid value is inversely proportional to the mean molecular weight

of the acids.

Ester value: the difference between saponification value and acid value.

It is a measure of the unsplit or partially split glycerides present.

Free fatty acid: expressed as percent cleic acid, it is 0. 504 times the

acid value.

Iodine value: expressed in terms of the number of centigrams of iodine

absorbed per gram of sample. It is a measure of the amount of t-nsaturated

fatty acids present.

Polyunsaturated acids: determined in percentages from ultraviolet

absorption.

Acid composition: data are obtained by several methods, including gas

chromatography; occasionally given in percentage terms.

Hydroxyl value: the number cf milligrams of potassium hydroxide re-

quired to neutralize the acetic acid capable of combining by acetylation with

I g of the fat.
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Unsaponifiable imeurities: given in percentages. Impurities which can-

not be saponified by alkalis but which are soluble in the ordinary fat solvents.

Carbon residue: an IndicatioA of the relative coke-forming propensity of

the lubricant. The sample is heated under specified conditions and the

residue reported In percent as Conradson or Ramsbottom carbon residue

(these values are not convertible). It is sometimes regarded as a measure

of staining propensity, although the relationship has not been proven.

Ash: the percentage of nonorganic materials, as determined by heating

at a high (775 0 C) temperature the residue that is !,eft after burning the lubri-

cant.

Corrosion: usually attack of copper strip by the lubricant, described by

the surface appearance after exposure at specified (often elevated) tempera-

ture for a specified time. Strip standards of (1) slight, (2) moderate, (3) dark

tarnish, and (4) corrosion (black surface) classes are available.

Rust-preventing characteristics: The lubricant is mixed with distilled

water (Procedure A) or synthetic seawater (Procedure B), and corrosion of a

polished steel cylinder immersed at 140OF (60 0 C) for 24 hr is observed.

Emulsion characteristics: measures the ability of the lubricant to sepa-

rate from water by measuring the time required for separation of a well

mixed (stirred) sample of the lubricant with equal amount of distilled water.

If separation is not complete after 1 hr, the volumes of oil, water, and emul-

sion are reported.

Interfacial tension: determined by measuring the force necessary to

detach a platinum wire ring from the surface of the liquid of higher surface

tension (upward from the water-oil interface); reported in dynes per centi-

meter.

Conversion Factors

Temperature:

0F =! (C) + 32

0 0C = 32 0F

21. 10C = 700F

37.8 C = 1009 F

60.0 C = 1.40'F

100. 0 C = ?'!aF
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Dimensions:

1 m = 39.370 in. 1 in. = 25.4 mm

1 mm = 0.394 in. 0.001 in., = 25.414o

1 A = 104 A = 39.4 Ain. 1 It.l. =0. 02541 = 25.4 mfL

Weights and Pressures:

1 kg = 2. 2046 lb 1 lb m 0. 45359 kg

1 ton = 2204.6 lb 1 ton = 2000 lb = 907.2 kg
(metric) (U. S.)

= 1.1023 tons (U. S.) 1 ton = 2240 lb 1016 kg

= 0. 9842 tons (impe~ral) (imp.)
1 kg/mm2 = 1422.33 lb/In2 = 1.42 kpsi 1 kpsi = 1000 psi

= 0. 635 ton (imp)/in2  = 0. 703 kg/mm2

1 atm = 1 kg/cm2 = 14 697 psi = 0. 4465 ton (imp)/in2
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SUBJECT INDEX
Underlining indicates major re~ference,

A BISRA nozzle die 480ff, 514
Blanking 69, 727

Abrasive blasting 218, 464, 674 Boiling range 148, 431, 641, 771
Abrasive wear 102, 106, 108 Bonded lubricants 203, 530, 569,
Acid value 773 577, 585, 676ff
Adhesion 89, 93, 96, 105, 107, Bonderlube 683

243 (see also: Pick-up) Bonderizing 680ff, 756
coefficient 97 Borates 183
dissimilar material pairs 99 Borax 645
effect of crystal structure 98 Borax coating 464ff, 504, 740
similar material pairs 97 Boron nitride 187, 577, 583
solubility theory 99 Boundary lubricants, see: Fatty oils;

Adhesive wear 102, 103. 107 Fatty acids; Fatty alcohols;
Aldehydes 433 Boundary lubrication 92, 118, 120
Alligatoring 32 co-deposition 126
Almen test 287 desorption 124, 126
Aluminum 5, 94, 98, 105, 106, 107 durability 123

cold forging 689 effect of chain length 123
cold rolling 339ff, 421, 426 effect of junctions 127
extrusion (hot) 558ff, 583 esters 157
foil rolling 436 lubricants 166
forging 606, 612ff, 639 test methods 121
hot rolling 420 Brass 360, 437, 469, 493, 513, 524,
impact extrusion 689 559, 624ff, 648, 693, 711ff, 747,
sheet metalworking 708ff, 751 see also: Copper
wire drawing 465ff, 522 Bromine compounds 183

Amontons' law 86, 88, 91 Bromine number 431
Amsler test 287, 396 Bronze 512, 526, 693, 747, see also:
Anodizing 217, 443, 528, 529, 695, Copper

751
API gravity 171 C
Aqueous systemns 345, 379., see

also: Emulsions
Asbestos 651ff Cadmiurn 98
Ash cor•t:Iit 436, 774 Calcium stearate 126
Asperities 86, 95, 127 Camphor 391
Asphalt 529, 530ff, 586 Canning 379, 444, 445, 530, 553,

559, 579, 585ff, 632, 645ff
B Carbide formation 508, 570, 746

Carbor. residue 774
Bacteriological attack 211 C. E.A. process 554
Bamboo-surface 482, 489 Chlorides 389, 571, 585ff, 631
Bar-drawing, see, Drawing Chlorinated paraffins 179, 37S, 394,
Basalt 202, 575, 587, 760 420, 443, 499, 520, 527, 642,
Pending 69, 727 678ff, 710ff, 735
Benzene 146 Cladding, see: Metal coatings
Beryllium 445, 584, 625, 645, 762 Cloud point 150

795
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Cobalt 98, 587 Cost 245, 410ff, 464ff, 551ff, 631ff,
Coefficient of friction 246 663ff, 729ff

definitions 19, 84, 88, 92 Crazing 108, 376, 423, 630
drawing 40, 256, 469 Crocodiling 32
extrusion 53, 264, 564 Crossed cylinder test 284
forging 64, 66, 267, 615 Cyclic loading, see: Vibration
measurement, see: Friction

measiurement D
rolling 27, 35, 247, 337ff, 357
sheet metalworking 72, 277, 707 Deep drawing, see: Sheet metal-
tube drawing 44, 263, 515 working

Coining 2, 664, 666 Defects
Cold extrusion, see: Cold forging deep drawing 74, 715
Cold forging and extrusion drawing 45

lubrication 661 extrusion 50, 56, 557, 580, 583
advantages 662 forging 68, 653
coefficient of friction 677, 688 rolling 32, 374
effect of punch shape 669ff Density 771
experiments 677, 688, 689, 693 De-scaling, see: Pickling; Abrasive
hydrostatic 672 blasting
mechanisms 664, Die coatings 192, 216, 377, 582, 583,
practices 686, 689, 691, 694ff 585ff
surface extension 664ff, 669 Die heating 309, 630
surface finish 668, 673, 684, 690 Die life 476, 482
vibration 674 Dies 244

Cold forging lubricants 675 boronized 377, 633
application 675, 688, 6112 bronzp 2, 99, 533, 754, 761
conversion coatings 665ff, 667, chrome plated 377, 476, 515, 533,

675ff 591, 761
fatty oils 676ff diamnond 469ff
metals 665ff low cost 727, 755
soaps 675ff oxidized 633
solids 676ff

Cold heading 664, 686 phosphated 669
Color 773 steel 3, 99, 476ff, 623
Cohunbium, see: Niobium tungsten carbide 99, 106, 201,
Consistency 112, 189 469ff, 625, 761
Conversion factors 774 Die surface finish 106, 117, 289,
Conversion coatings 212, 442, 502ff, 309, 612, 624, 640, 669, 715

662ff, 667, 675ff, 706ff, see also Die wear 68, 99, 108, 109, 461,
individual treatments 469, 471, 480, 499, 563, 636,

Cooling 243, 268, 290, 320, 345, 377, 667, 685
422, 460, 478, 558, 727 Differential lubrication 73, 280,

water 382, 389, 405, 413, 416 714, 719
Copper 2, 5, 6, 91, 94, 105, 106, Diffusion barrier 580, 586

125, 127, 128, 130 Dimpling 728
cold forging 693 Distillation range, see: Boiling,
drawing 466ff, 524 range
extrusion (hot) 559ff, 585 Drawability 721
forging 606, 610, 616ff. 648 Drawing 37, 256, 457
rolling 336ff, 437 back pull 43, 257
sheet metalworking 708ff, 747 ioefficient of friction 40, 256,

Corrosion 317, 321, 379, 496, 460, 469, 514
523, 691, 730ff, 774 defecLs 45

Corrosive wear 103, 107 die angles 42, 463, 471, 506
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equipment 37, 473 surface finish of wire 459ff,
forces 40, 256, 469 523, 530
heat generation 46 tube, see: Tube
history 3 vibration 493
maximum reduction 47 wet 459, 460, 511
optimum die angle 43 Dynamo oil (mineral oil) 392, 427,
plane strain (see also: Strip- 440

drawing) 43, 258
reduction 37, 501 E
redundant work 42, 44, 471
roller die 261 Ejection force 275, 626, 633, 643
rotating die 258, 477 Elastohydrodynamic lubrication
speeds 40, 467, 477 115, 357
theory 40 Emulsions 6, 204, 345, 380, 397ff,
velocities 39 405, 470ff, 683, 730ff

Drawing beads 717, 724 aging 380, 409, 426
Drawing lubricants 502 bacteriological attack 211

application 509ff emulsifiers 207
borax coat 464, 504ff HLB value 209
carriers 464, 502, 514ff plating-out 380, 415
filtration 461, 473, 476 stability 204, 320, 380, 526,
lime coat 464, 503, 509, (4ff 774
metal coatings 507, 511, 516, staining 317

520ff theory 205
phosphating 461, 465, 501ff E.P. lubricants 177, 378ff, 470ff,
plastic coatings 507, 521, 527 623ff, 666ff, 731ff
recirculation 473, 476, 518 E. P. lubrication 103, 108, 128,
soaps 481, 508ff 134, 179, 244
sull coat 464, 504 Ericksen test 721, 756
throughput 482, 493 Esso TSD 713ff
ultrasonic agitation 497, 524, Esters 123, 155

525, 530 Ester value 773
Drawing lubrication 457 Explosive forming 727ff, 753

bar 459, 462, 495, 497, 506, Extrusion 47, 263, 549, 661
509, 513, 517, 523, 525 backward, see: indirect

coefficient of friction 469, 514 butt (remnant) 553, 664, 674
die wear 472 constant 565
dry 459, 462 container 57, 109, 583
effect of viscosity 465, 478ff, cooling 558

490, 522, 526 dead metal zone 50, 56, 559
electrophoretic 461 defects 50, 56, 58, 557
experiments 513, 518, 524, die angle 51, 53, 555ff, 581,

527ff 586, 664, 674
film thickness 466 die friction 265, 567
history 3 follower block 53, 558, 582
hydrodynamic 115, 478 forces 53, 57, 263, 557, 564,
mechanisms 458, 468, 513 662, 673, 683
hydrostatic 491 friction 51, 53, 263, 558, 564
pract'•cos ý-16, 520, 522, 525, heat generation 57

328ff high speed 591
pressurized 479, 486, 499, 514, hvdrostatic 49, 52, 266, 492,

530 553
speed effect 467, 482 history 6
submerged drawing 460, 468ff metal flow 55, 557
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indirect 49, 52, 665, 680, Fatty oils and fats 2, 5, 6, 122,
684ff 166, 355, 378, 394, 429, 441,

optimum die angle 53 466ff, 642ff, 666ff, 708ff
ratio 49, 58, 556, 674ff castor oil 168, 17A, 373, 392ff,
reductions, see: ratio 427, 440, 443, 469ff, 673,
redundant work 52, 55 678ff
skull 558, 561 coconut oil 168, 170, 392, 427,
speeds 51, 557, 582 440
sticking friction 50, 553 codliver oil 402
temperatures 552 composition 169
theory 52 cottonseed oil 168, 170, 176,

Extrusion lubricants (hot) 569 367, 403, 410, 676
application 576, 578, 587 hydrogenated 176, 404
canning 553, 559, 579, 585ff lard oil 3, 168, 170, 171, 393,
glass 555, 571, 58iff 403, 682, 731ff
graphite 569, 581ff lanolin 5, 190, 392, 397, 427,
solids 553, 561, 570 430, 435, 440, 442, 606, Ft27,

Extrusion lubrication (hot) 202, 549 642, 666ff
effect of die angle 555, 556, 581, linseed oil 170, 402

586 marhie oils 168, 170, 176, 401
effect on surface finish 553, 556, olive oil 3, 170, 439

562, 572 palm oil 6, 167, 168, 170, 293,
history 6 356, 367, 354ff, 414, 439,
hydrodynamic 555 678, 683, 731ff
hydrostatic 554 rapeseed oil 168, 170, 171, 293,
material flow 557, 579 371, 397ff, 471ff, 676, 678ff,
mechanisms 552 708ff
phase-change 555 solidification 171, 172, 466, 673
practices 581ff soybean oil 170, 396
speed effect 557, 591 sperm oil 168, 170, 172, 399,
sticking friction 553, 583 402, 678
tubes 531, 551, 559, 573, 578 tallow 2, 168, 370, 396ff, 513,

525, 666ff, 708ff
F unsaturation 170, 401

viscosity 170
Falex test 287 Filtration 384
Fats: see Fatty oils Fines, see: Wear debris
Fatty acids 122, 171, 433, 512, Fire hazard 431, 436

514, 616, 641 Fire point 148, 771 4

caproic acid 125, 615 Flash point 148, 431, 771
composition 173, 773 Flash temperature 133
lauric acid 124, 169, 396, 617 Fluoride-phosphate coating 216,
melting pohit 125 465, 52A, 531, 674, 675ff,
oleic acid M27, 128, 167, 393ff, 695, 755

188, 616, 643, 678 FluorL:c compounds 4'3, .l4
palmitic acid 125, 169, 397ff Fluoroesters 160
stearic acid 122, 124, 125, Forging 58, 266, 603, 661

167, 206, 370, 392ff, 678ff closed die 2, 59, 62, 273, 628
viscosity 173 coefficient of friction 64, 56,

Fatty alcohols 123, 174, 400, 433, 267, 615, 622
641 cogging 60

lauryl alcohol 175, 396 conical die 268, 607
oleyl alcohol 67ý defects 68, 653

Fatty anines 123, 175, 39,,' deformation ( nerg" 627

='4
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die filling 274, 628, 635, 643, elastic contacts 89
647, 650ff, 667, 691 history 7

forces 64, 266, 626 interface shear strength 19
friction hill 63, 269, 610 in plastic deformation 19, 93
heat generation 67 junction growth 90, 97, 103, 127
history 2 kinetic 96
impression die 59 (see also: laws 85, 88

closed die) static 96
indentation 59, 65 theory 7, 85
interface pressures 63, 610, 619 welding theory 87
initerface sliding 61, 607 with solid lubrication 131
metal flow 66, 606, 628 Friction measurement 246
n'•utral point 61 bench tests 287, 293
open die 59, 605 boundary 121
speed 63, 627 correlation of test results 291,

spread 67, 270, 608 524, 740_,_

sticking friction 62, 268, 607, drawing 256
612 extrusion 263

theory 63 forging 64, 66, 266, 273, 626
upsettirg 59, 266, 605, 664 photoelastic 262, 472

Forging lubricants (hot) 629 pin-on-flat 281, 620
application 632 plant tests 246, 294, 409
boundary 639 punch 280
graphite 607ff, 629, 633ff ring upsetting 270
solids 631ff reporting of results 294

Forging lubrication (see also: Cold roller dies 261
forging lubrication) 603 sheet metalworking 27M, 290

barreling 606, 615 710, 721, 734
breakdown 612 simulating tests 281, 620
cooling effects 607 small-scale tests 273, 289
coefficient of friction 615, 622, strip drawing test 43, 105, 468,

634ff 410, 525. 527, 533
effect of viscosity 619, 627, 639 tube drawing 263
effect on surface finish 612, 632, twist comrression 97, 283, 286

644, 647, 653 294
end-face expansion 605ff Friction welding, see: Solid-phase
history 2 welding
speed effect 606, 619, 626

Forging lubrication (hot) 633 G
experiments 633, 639, 646, 648,

650 Gasoline 673
practices 638, 645, 647, 648, Gas pressure 275, 626, 630, 636

651ff Glasses 163
Formability 721 application 576
F'our-ball test 288, 293 composition 164, 574
Free fatty acid 399, 401, 415, 526, effect o; pressure 165, 555,

773 574
Fretting 103 extrusiin 7, 51, 554ff, 571
Fxiction 18, 75, 242 film thickness 296, 556, 579

coefficient, see: Coefficient forging 60b, 622, 632, 650ff
of friction graphitsed 577, 578

definitions 18 removal 572, 579
dry 84, 86, 95 rolling 389, 444
effects In metalworking 75, 135 she ýt metalworking 733, 746, 753
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thermal diffusivity 573, 622 rolling 344, 360, 429
viscosity 165, 557, 573, 577 theory 113
wetting 166, 564, 574, 578 wedge effect 113, 115, 119

Glucose 163 wire drawing 478
Glycerine 167, 347, 673 Hydrodynamic pockets, see:
Glycerol 163 Lubricant entrapment
Gold 2, 3, 5, 97, 98 also: Surface finish of workpiece
Graphite 7, 1.30, 184, 195, 338, Hydroform-process 725

352, 378, 389, 392, 427, 439, Hydrostatic extrusion 49, 52, 266,
440, 443 492, 553, 672

carriers 628ff, 676ff Hydrostatic lubrication 110, 479, 491,
corrosion 570, 645, 758 553, 610, 666, 672
for cold forging 676ff Hydraulic bulging 70, 73, 708
for drawing 470, 510, 514ff Hydroxyl value 773
for extrusion (hot) 353ff, 569,

572 1
for forging 607ff, 629, 633ff
for sheet metalworking 708ff Impact extrusion, see: High speed

Graphogen 674 extrusion
Greases 187, 357, 464ff, 566ff, Indentation 59, 62, 64, 95630ff, 673ff, consistency 189 effect in rolling 29, 365, 375condntation hardness, see: Yield

pressure
Indium 91, 97, 98

Hammer forming 756, 760, 761, 762 Inhomogeneity of deformation, see:
Health hazards 226, 245, 445, 507, Metal flow

530, 585, 630, 645, 730 Interface shear strength 19, 63, 88,
Heat generation 134, 243 94, 104, 124

deep drawing 74 Interferometry 296, 304, 308
drawing 46, 460, 468 Iodine compounds 181
extrusion 57, 592 Iodine value 403, 415, 773
forgihg 67, 607 Iridium 98, 510
interface 133 Iron 2, 4, 100, 129, 179, 618, 674,
rolling 33, 254, 374, 382 708ff

Heat insulation 243, 558, 621, 631, Ironing, see: Sheet metalworking
651 Isothermal forging 67

Herringbone defect 373, 434
High speed extrusion 591, 687, 689,

691, 694, 696
High speed forging 634, 690 Jacketing, see: Canning
HLB value 209 Junction growth, see: Friction
Hot working 2b, :i0 Junction temperature 133

drawing 510, 530, 532 Junction we)1ing, see: Friction
extrusion 549
forging 603 K
rolling 336, 345, 359, 363,

365, 375, 389, 420, 437, Kaolin 747
sheet metalhorking 746ff Kerosene (kerosine), see: Paraffin

Hydrocarbon structures 146
Ilydrodynamic lubrication 110, 118 L

extrusion (cold) 666, 672
extrusion (hot) 553 Lamellar solids 183, 187
lubricants 145 Langmuir-trough 122
sheet metal -worki;r.:r 706 Lanolin, sec: ratty oils
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Lead 5, 6, 98, 127, 446, 616, 676, zinc 191, 505, 507, 511, 680,
696 739

Lime 202, 508, 571 Metal flow
, Lime coating 4, 464ff, 503, 514 drawing 42, 44, 471, 492

Limiting draw ratio 74, 276, 706ff extrusion 55, 557
Lithopone-shellac coating 521 forging 66, 605
Lubricant grid line techniques 297

entrapment 95, 108, 110, 117, rolling 31, 363, 366, 375
119, 121, 340, 343, 369, 373, Metal pick-up, see: Pick-up
412, 437, 464, 466, 470, 483, Metal transfer, see: Pick-up
517, 553, 610, 664, 666, 690, Mica 126, 566, 585, 586, 621, 631,
692, 710ff 641, 651, 736ff

durability 244 Microscopy 300, 301, 303
film thickness 29_5, 346, 355, Mill clean sheet 413

410, 462, 466, 556, 610 Mineral oil 2, 5, 122, 146, 339ff,
functions 16, 242, 458, 551, 391ff, 428, 441, 465ff, 512, 606ff,

604, 662 678, 710ff
screening tests 292 composition 147
specifications 320 effect of pressure 150, 153

Lubricant removal 221, 309, 386 effect of temperature 148, 153
Lubrication solidification 151, 171, 172,

definition 85 673
history 7 viscosity 147
mechanisms 109, 135 Mixed !,abricatioa, see: Thin film
regimes 117 lubrication

Molybdenum
M drawing 510, .532

extrusion (hot) 565, 581, 588
Machine oil (mineral oil) 471, 678 forging 651
Magnesium 98 rolling 337, 444

extrusion 574, 584, 69C sheet metalworking 761
drawing 493 Molybdenum disulfide 130, 186, 195,
forging 645, 646, 696 338, 378, 444
rolling 445 for cold forging 673, 676ff
sheet metalworking 733, 758 for drawing 505, 510, 514ff

Magnesium metaborate 583, 587ff for extrusion (hot) 553ff, 570
Material flow, see: Metal flow for forging 616ff, 631
Medicinal paraffin (mineral oil) 616 Monolayers 122, 125
Melting point 125, 414, 771
Metal coatings 190 (see also: N

CF&nng)
aluminum 191, 444, 581, 652, 694 Naphthene 146
application 191, 444, 652 New (virgin, clean) surfaces 86, 91,
cadmium 680 93, 107, t08, 120, 244, 290
copper 462, 506, 597, 511, 521, drawing 45

528, 530ff, 581, 585, 591, extrusion 55
631, 646, 665ff, 755 forging 66

lead 191, 507, 520, 530, 616, rolling 32
665, 689, 746 Nickel 91, 97

lubricating utechanisms 130 cold forging 667ff, 696
nickel 507, 530, 631, 646 drawing 482, 501, 508ff, 529
silver 531, 585, 631, 646 extrusion (hot) 570, 574ff, 587
tin 191, 462, 505, 507, 677, forging 621, 631,

739 651
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rolling 335, 445 Plane strain 18
sheet metalworking 759 compression 272, 432, 608,

Niobium 338, 444, 588, 652 614, 624ff
drawing 38, 43, 259, 261, 468,

0 470, 525ff
extrusion 49Olsen test 721 forging 61, 62, 65

Orange-peel 718 rolling 24, 363, 366
Oxalating 216, 420, 465, 502ff, sheet metalworking 278627ff, 667ff, 732ff Plastic coatings, see: Polymers
Oxides 108, 198, 310, 335ff, 376, Plastic yielding 17

533ff, 631ff Plasticine 105aluminum 201, 333 Plasticization of surfao., ' 27. 708
brass 199, 437, 563 Plastohydrodynamic luLt:ý:atiour. 117cadmium 639 (see also: Hydrodynamic lubrication)
copper 2, 199, 335, 437, 559ff Plating-out 346, 380, 415
iron 2 Platinum 91, 97
lead 201, 202, 678 Plowing 89
magnesium 201, 563 Pickle-oil 397, 402, 409, :11nickel 200, 335 Pickling 4, 218, 225, 310, 411
refractory metals 201, 631 Pick-up 93, 96, 252, 285, 300, 309,
steel 199, 336 344, 438, 459, 501, 508, 511, 521, 4
stainless steel 200, 335 522, 527, 513, 626, 667, 690, 705,titanium 201, 336, 563, 586 716, 727, 740

Oxidizing 216, 442, 519, 527, 528, Piercing 666, 680
695, 757 Pigments 502, 508, 511, 513ff,

630ff, 730ff
P Pin-on-flat test 281, 284

Polar compounds, see: BoundaryPack rolling 442 lubricants; Emulsions
Pair rolling 437 Polymers 192, 501, 507, 521, 527,
Paper 733 570, 682ff, 705ff, 732ffParaffin (light mineral oil) 341, 375, (see also specific materials)

392, 427, 436, 439, 440, 624, chlorinated rubber 508
627, 641, 673 fillers 194

Paraffins 46, 347, 433 glass transition 192
Parkerizing 683 methacrylic resins 508, 520,Pendulum oiliness test 288, 294 529, 737, 749
Petroleum see: Mineral oil properties 196
Phase-change lubrication 555, 745 Porous die 486
Phosphate glasses 163. 576 Pour point 147, 414, 771
Phosphatherm 576, 645 Polybutene 428
Phosphating 7, 108, 213, 667, Polyethylene 197, 705, 722, 733,

675ff, 706ff 739ff
application 215 Polyglycols 156, 673
coating weights 506, 667 Polyimides 195, 570
for forging (cold) 618, 667 Polvtetrafluoroethylene, see: PTFEfor rollirg 410 Potassium iodide 630, 635
foi n.f••ct metalworking 732ff Powder extrusion 581, 592
fv,) N-':, and tube 461, 4'15, 501, Press-fit test 284, 285

Pressure die 481
i - icid 405 Pressure- pin technique

";s compounds 180, 394 forging 2611, 616
7,,:ic technlc-,ps 262, 472 rolling 254, 362, 364

I
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Protective atmospheres 417, 435, limfting reduction, see: minimum
444, 564, 585, 591, 652, 753 gage

Prow formation 105 metal flow 31, 363, 375
PTFE 192, 197, 338, 378, 420, 445, mill elastic constant 349

524, 567, 584, 606, 616, 643, minimum gkge 35, 247, 367,
674, 681ff, 722, 733, 739ff 408, 413, 416, 436, 441

neutral point 24, 75, 230, 335
Q power requirement 30

reductions 22, 412, 413, 421,
Quasi-hydrodynamic lubrication, 434

see: Thin film lubrication roll flattening 35, 249, 252, 360
sections 24, 36, 388, 389

R skidding 253, 359, 377, 387,
404, 409, 411, 438

Radioactive techniques 89, 297, 2991, speeds 26, 388, 413, 434

343, 475, 515, 556, 626, 671 spread 24, 28, 32, 363
Recirculating systems 383 tensions 24, 28, 31, 35, 249,
Redundant work, see: Meta, flow 252, 359
Reeling 498, 499 theory 28, 358
Refractory meLals 444, 576, 577, torque 30, 249, 365

588, 631, 651, 706ff, 760 torsional oscillations 372
(see also individual metals) Rolling friction 132

Rehbinder-effect 127, 708 Rolling lubricant6 37_7
Relaxation time 113 application 381, 425, 435, 438
Resins, see: Polymers aqueous dispersions 379
Rhodium 98, 510 boundary additives 391, 429,
Ring compression 60, 62, 64, 199, 438

270, 621 624ff canning 379
Ringing wear 473, 499 cold rolling 390, 426, 432
Ripple 372, 482 consumption 410, 413, 415, 436
Rod drawing, see: Drawing emulsions 380, 405, 413, 424,
Roll 36, 359 440

cai,,L1 r 374, 382, 422 E. P. compounds 378, 394, 402,
surface finish 368 429, 438, 44-2
wear 373, 376, 389, 418 fatty oils 378, 394, 439

Roll coating 22, 107, 344, 360, filtration 384, 425, 437
377, 421 free fatty acid 399, 401, 415

R~Aling 22, 247, 333, glass 389
angle of acceptance 34, 84, hot rolling 389, 421

253, 337, 345, 378, 421 mineral oils 378, 391
coefficient of friction 27, 35, oil film thickness 410

337, 357ff oxides 335, 389, 437, 441
defects 32, 374 palm oi' ;90, 393ff, 414, 439
efficiency 350 phosphat.ng 410
equipment 6, 24, 33, 338 PT).E 338, 378, 420, 445
forces 28, 249, 343, 358, 364, recirc,5 Iation 383, 406, 411,
forward slip 24, 251, 339, 358 425, 435
friction hill 29, 75, 254, 345, removal 386

360, 364, solids 378, 389, 439
heat generation 33, 254, 374, solutions 380

382 stA.inLing, see: Staining
history 5 'synthetic" palm oil 401, 403ff,
interface pressure 28, 254, 361 414
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thin sheet (foil) 388, 405, 408, Sheet metalworking 68, 276, 703
436 bending 69

Rolling lubrication 333 blankholder pressure 71, 710ff,
aqueous syetems 345, 353 747 i
coefficient of friction 337ff, 357, cupping 69, 276, 706ff

368, 391ff., 421ff., 440 deep drawing 69, 276, 710ff
effect of roll surface 340, 364 drawing speeds 71, 712

368 fracture 74, 715
effect of viscosity 347, 391, 399, heat generation 74

418, 428 history 2, 6
experiments 390, 426, 438, 442 ironing 69, 73, 2'7, 279, 721,
history 5 734
hydrodynamic 115, 344, limiting draw ratio 74, 276,
interface pressure 361, 708ff
mechanisms 335, 424 metal flow 73
practices 411, 418, 421, 432, reductions 70

437, 441ff, reverse drav, 59
"plating-out" 346, 380, 415 shearing 69
shape of strip 374 stretching 70, 70o0ff
speed effect 348, 395, 410, 437 theory 68, 72
surface finish 371, 377, 379, thinning of sheet 73, 708, 719,

416, 423, 434 741
thin film 339 426 -. nding 71, 716, 724

Rosin 189 Sheet metalworking lubricants 728
Rotating die 258, 469, 477 application 719, 730ff
Roxanna test 292 removal 728ff
Rubber 508, 674 Sheet metalworking lubrication 703
Rubber forming 725, 752, 758, 761 coefficient of friction 707

differential 73, 280, 714, 719
S effect of punch shape 708ff, .714

effect of viscosity 710, 716, 742

SAE friction test 287 experiments 734, 744, 747, 750
SAE oil grades 150 for simulating tests 721
Salt, see: Chlorides hydrostatic 727
Salts (organic) 177 mechanisms 705
Saponification value 415, 773 practices 741, 745, 749, 751ff
Sawdust 631, 636, 651ff selective: see differential
Scalping of wire 490 speed effect 712
Scratches (on surface) 363, 366 surtace finish 705, 710ff, 716
S~journet-process 571 Skin diseases, see: Health hazards
Sendzimir-mill 386, 388, 417, 420, Slate 202, 571

436, 442, 445 Soap 2, 6, 123, 131, 177, 375, 396,
Shape (of strip) 374 442, 616
Shaving 490 for cold forging 666, 675ff
Shearing 69, 727 for drawtqg 163ff, 508
Shear spinning, see: Spinning for sheet metalworking 750ff
Shear stress 19 melting points 125, 178
Sheathing, see: Canning viscosity 485
Shell four-ball test 258 Solid fillers, see: Pigments
Sillcones 159, 642 Solid film lubrication 130., 183
Silver 2, 3, 91, 97 Solid-phase welding 96, 100, 102
Sinking 38, 499, 734 Solubility theory, see: Adhesion
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Soluble oils, see: Emulsions Sticking friction 19, 84, 94
Solutions 380 in extrusion 50, 553
Sommerfeld number 119 in forging 62, 268, 275, 607
Squeeze films 610, 617ff in rolling 27, 30, 364, 375
Spalling 103, 109, 376 Stick-slip 95, 121, 124, 372, 501,
Specific gravity 771 674
Speed effect Strain, see: Reduction

drawing 4d7, 482 Strain distribution, see: Metal flow
extrusion 557, 591 Stretching, see: Sheet metalworking
forging 606, 619, 626 Stribeck-curve 118
rolling 348, 395, 410 Strip drawing 43, 105, 468, 470, 525,
sheet metalworking 712 527, 533

Speeds 243 Sugar 711
deep drawing 71, 712, Sulfidizing 527, 682, 756
drawing 40, 467, 477 Sulfonated tallow, see: Fatty oils;
extrusion 51, 557, 582 tallow
forging 63, 627 Sulfur compounds 179, 394, 517, 520,
rolling 26, 388, 413, 434 735

Spindle oil (mineral oil) 678 Sulfur in oils 147, 394, 431, 677, 688
Spinning 70, 727, 759, 760, 762 staining 438
Split Die Sull coating 4, 464, 504

deep drawing 276 Supsralloys, see: Nickel, Cobalt
extrusion 266 Surface examination 300, 308
forging 270 Surface finish of workpiece 95, 117,
rolling 256 243
roller dies 261 cold forged 668, 673, 684, 690
strip drawing 261 damage 104, 283, 372
wire drawing 260, 469 drawn 459ff, 523, 530

Staining (brown) 5, 155, 161, 162, extruded 553, 556, 562, 572
245, 317, 379, 386, 394, 411, forged 612, 632, 644, 647, 653
417, 429, 431, 523, 645, 648, 733 rolled 340ff, 371, 377, 379,

Staining (white) 317, 417, 432 416, 423, 434
Stainless steel 124 sheet metalworking 705, 710,

cold forging 667ff, 688 716
drawing 496ff, 518 Surface preparation 308, 536
extrusion (hot) 556, 565, 582 workpiece 217, 475
forging 619ff, 638 Surface replicas 299, 306
rolling 338, 388, 418 Surface roughness 87, 301
sheet metalworking 711if, 743 Surface tension 774

Stamping, see: Sheet metalworking Surface topography 300
Steel 4, 94, 100, 123, 129, 130 Surfactants 207

cold forfig and extrusion Swift-test 711, 755
662ff, 677 Synthetic lubricants 154, 162, 402,

extrusion (hot) 558ff, 581 751, (see also: individual
forging 607ff, 633 compounds)
mill clean sheet 413

rolling 337ff T
rolling lubricants 387
rolling lubrication practices 411 Talc 571, 583, 586, C-2 ., 681, 703ff
sheet metalworking 708ff, 734 Tandem drawing 499
sheet rolling lubricants 412 Tantalum 99, 444, 533, 589, 652.
tinplate 413 761

"Ire drawing 466ff, 513 Tar 651, 761
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Temperature measurement 311, 389 Twist compression test 283, 285,
dynamic thermocouple 314 292

Temperature rise, see: Heat
generation U

Test methods, see: Friction
measurement Ultrasonics, see: Vibration

Texture hardening 441 U-setting, see: Forging
Theory Uranium 581, 9 761

drawing 40
extrusion 42 V
forging 63
friction 85 Vanadium 445, 590
rolling 28, 358 Vermiculite 531, 583, 631
Eheet metalworking 68, 72 Vibration 493, 500, 524, 525, 530,

Thermal fatigue 103, 109 614, 674, 728
Thermal insulation, see: Heat Virgin surfaces, b;ee: New surfaces

insulation Viscoelasticity 113, 189, 357
Thin-film lubrication 118, 339, 369, Viscosity 1i1, 771

643, 705ff change with boundary additives
Titer 403, 414, 773 126
Timken test 287, 396 convers.,•n 772
Tin 127, 446, 496, 676, 696 fatty acids 174
Tinp.ate 5, 388, 413, 416 fatty alcohols 176
Titanium 99 fatty ofls 170, 415

cold forging 667ff, 694 glasses 164
conversion coating 216, 465, mineral oils 147

528, 531, 674, 675ff, 695, Viscosity index 150, 415
drawing 495, 499, 506, 508, 52?7
extrusion (hot) 566, 577, 585 W
forging 621, 631, 650
rolling 337, 441 Wash-out (extrusion dies) 109
sheet metalworking 707ff, 753 Waste treabment 223, 379, 383

Toxicity, see: Health hazards Waterglass 506
Tramp oils 383, 418, 435 Water lubrication 390, 395, 398, 399,
Transition temperature 401, 403, 439, 745

boundary fil-n 125 Wax 2, 3, 398, 4j2, 466ff, 676ff,
polymers 193 714ff

Tribology 7 na.ural wax 168, 4C5, 533, 676ff
Tricresyl phosphate 158, 180, 398 paraffin wax 124
Trilac 682 Wear :02, 242
Tube (see also: Sinking) definition 85

cold extrusior, 677ff deformation pr&,esses '0_7
drawing 38, 462ff, 498, 506ff history 7
e.rusion 51, 263, 498. 515, measurement 287, 298

531, 556, 569, 573, 578, 589 surface damage 283, 288
piercing 39, 109, 389, 498 types 102

Tube drawing lubrication 462, 482, Wear debris 104, 105, 107,
498, 506, 507, 508, 511, 512, 108, 242, 306, 244 384,
515, 520ff 473, 479, 493,

chatter 96, 501 640
Tungsten 444, 510, 532, 589, 652, Wetting 101, 321

761 Wire drawing,
Turbine oil (mineral oil) 293, 678 see: Drawing
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y Z

Zinc 98, 446, 493, 722, 730, 760
Yield criteria 17, 94 Zirconium 99
Yield pressure 88, 91, cold forging 674, 697

121 drawing 501, 531
Yield stress 17 extrusion 581, 590

rolling 445 I

4


